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Selectin-mediated neutrophil rolling on endothelial cells is an important step 
in the biological processes of inflammation and thrombosis. Conversely, it has also 
been implicated in the pathogenesis of various cardiovascular diseases. While there 
are many factors that affect this phenomenon, shear stress is among the most 
significant. Previous studies have demonstrated the effects of shear stress on the 
selectin/ligand interactions that sustain neutrophil rolling. However, the effects of 
cell deformation on neutrophil rolling are still under investigation. In this study, the 
effects of cell deformation on selectin-mediated rolling are investigated on two 
scales: (I)deformation on a local scale such as contact zone deformation or 
membrane tether formation and (II)deformation of the cell body on a global scale.  
We present reflective interference contrast microscopy (RICM) as a low-cost 
alternative to current microscopy techniques used to visualize cell footprints during 
rolling (i.e. quantitative dynamic footprinting). RICM visualized neutrophil contact 
areas similar to those reported by qDF and also visualized the formation of 
membrane tethers from distinct adhesion points. We also use RICM to show that 
membrane tether formation and neutrophil contact area are dependent on shear 
stress rather than shear rate. 
Alternatively, using differential interference contrast (DIC) microscopy we 
demonstrate that increased membrane tether lifetime correlates with increasing P-
selectin density while increased tether length correlates with increased shear stress. 
We also report the characterization of membrane tether formation on recombinant 
human P- and E-selectin-Fc chimeras.  
xvi 
 
Cellular deformation on a global scale has been suggested to occur as a 
result of the shearing force applied to an adherent cell by hemodynamic flow. 
Previous computational studies have related this shear effect to the ratio between the 
diameter of the cell (Dc) and the height of the channel being perfused (H). Although 
this Dc/H ratio can be large for neutrophils in post-capillary venules where 
leukocyte rolling typically occurs, many in vitro studies have used flow chambers 
where Dc/H is small (< 0.1).  
To investigate leukocyte rolling in chambers with dimensions similar to 
post-capillary venules, we fabricated microfluidic chambers with various cross-
sectional dimensions that required perfusion rates as low as 40 nL/min. We 
observed a significant decrease in neutrophil rolling velocity on P-selectin that 
correlated with decreasing chamber height (increasing Dc/H). Comparable studies 
with fixed cells and PSGL-1 coated microspheres, as well as contact area 
measurements made with RICM, demonstrated this velocity decrease was related to 
cell deformability. 
Likewise, we fabricated bifurcated microfluidic chambers to investigate the 
impact of chamber geometry on neutrophil adhesion. Neutrophils accumulated at 
the bifurcation apex in P-selectin coated chambers at shear stresses as high as 100 
dynes/cm
2
. Similarly, we used fixed cells to demonstrate that this accumulation is 
related to cellular deformation. We also report that adherent cell accumulation is 
dependent on specific molecular interactions, P-selectin coating concentration and 




Chapter 1: An Introduction to Cell Deformation and Selectin-Mediated 
Neutrophil Adhesion 
 
Leukocyte Adhesion in Inflammation and Cardiovascular Disease 
 Inflammation and hemostasis are important biological processes that help 
the body maintain its natural state. These processes involve a number of cellular and 
sub-cellular components of the circulatory system including leukocytes, endothelial 
cells, platelets and various circulating plasma proteins. Leukocytes play an 
important role in these processes by interacting with and rolling on endothelial cells 
or platelets through specific molecular interactions[78, 151, 178]. Although some of 
these interactions can take place under static conditions, the normal circulation of 
blood flow in the body creates a shear force that these interactions must be able to 
withstand. This leads to the phenomenon of leukocyte rolling, which is an important 
first step in the overall migration of leukocytes to sites of inflammation and injury.  
Although inflammation is an important defense mechanism, inflammatory 
cells have been implicated in the pathogenesis of a number of cardiovascular 
diseases including thrombosis[60, 179], stroke[117], sepsis[6], cardiovascular 
complications from diabetes[26, 141] and myocardial infarction[75]. Leukocyte 
interactions with the endothelium also play a role in the infiltration of these cells 
into atherosclerotic lesions[92] as well as in atherosclerotic plaque rupture[247]. 
While shear stress is extremely influential in promoting leukocyte-endothelial 
interactions during the early stages of inflammation, it has also been shown to 
promote the formation of leukocyte-leukocyte and leukocyte-platelet aggregates that 
can disrupt the overall consistency of circulation in the vasculature[12, 93, 99, 116]. 
Such changes in shear stress can also influence the regulation of adhesive proteins 
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expressed by endothelial cells through a process known as mechanotransduction. 
Further investigation of the effects of shear on inflammatory cells will lead to a 
better understanding of the role these cells play in the pathogenesis of 
cardiovascular diseases. 
The Inflammation Cascade 
 During inflammation, leukocytes are recruited to and extravasate through the 
endothelial cell layer that lines the inside of the vasculature. This process, known as 
the inflammation cascade, occurs through a series of steps that involve specific 
molecular interactions. These steps include capture, initial rolling, slow rolling, firm 
adhesion and extravasation (Figure 1) [136, 233]. Leukocyte rolling is initiated 
when transmembrane proteins expressed on the tips of leukocyte microvilli interact 
with E-selectin expressed by activated endothelial cells[14], P-selectin expressed by 
activated platelets and endothelial cells[107] or L-selectin expressed by other 
leukocytes[238]. As these selectin-ligand interactions reduce the velocity of a 
circulating leukocyte, the surrounding blood flow imposes a shear stress on the 
captured cell causing it to translocate downstream.  
When imposed upon by a certain level of shear stress, selectin-ligand bonds 
have been shown to have transient lifetimes with very high koff rates compared to 
static conditions[5]. At the leading edge of the cell, however, cell surface ligand 
interactions with selectins correlate with shear rate rather than shear stress leading to 
rapid bond formation[36]. This continuous formation and dissociation of bonds 
results in a rolling-like motion. It is this rolling mechanism that allows the cell to 




Figure 1: A Schematic of the Leukocyte Adhesion Cascade 
activate the integrin proteins expressed on the leukocyte membrane[65, 79, 128]. 
Integrin-mediated interactions have longer lifetimes under shear than those 
mediated by selectins. Thus, these interactions lead to slower rolling and arrest 
before the cell ultimately leaves the blood stream to migrate to the inflammation 
site. 
The Biology of Leukocyte Adhesion 
Selectin proteins have a very unique structure that makes them well suited to 
inflammatory adhesion. Their structure consists of an extracellular domain, a 
transmembrane domain and a short cytoplasmic domain[154, 248]. At the NH2 
terminus of each selectin is a lectin domain by which the selectin is able to bind to 
its various ligands. This domain is followed by an epidermal growth factor (EGF)-
like domain and a specific number of short consensus repeats[259]. These repeats 
have been suggested to be necessary in order to extend the lectin domain to a  
sufficient length above the plasma membrane[185]. The transmembrane domain and 
the cytoplasmic domain play an important role in targeting P-selectin to Weibel-
Palade bodies[48, 64]. From these bodies, P-selectin is then up-regulated to the cell 





Table 1: The Selectins and Their Ligands 
Selectin Cell Type Ligand Cell Type 
P-selectin Platelets/Endothelial Cells PSGL-1 Leukocytes 
  
CD-24 Leukocytes 





L-selectin Leukocytes PSGL-1 Leukocytes 
  
PNAd Endothelial Cells 
 
While several ligands to selectin proteins have been shown to exist (Table 
1), there is one of significant physiological relevance. P-selectin glycoprotein 
ligand-1 (PSGL-1) is a homodimeric mucin expressed on the microvilli of nearly all 
leukocytes[151]. PSGL-1 is the key ligand that mediates leukocyte adhesion to P-
selectin on activated platelets and endothelial cells[162, 174] as well as L-selectin 
on other leukocytes[55, 161]. It should be noted that tumor cells expressing CD-24 
have also been reported to roll on P-selectin[1]. Although PSGL-1 also mediates 
neutrophil rolling on E-selectin, it has been suggested that neutrophils may express 
other ligands to E-selectin such as E-selectin ligand-1 (ESL-1) and CD-44[96]. 
Indeed, previous studies have demonstrated that leukocytes can roll on E-selectin in 
the absence of PSGL-1, however this function is significantly impaired[258, 262]. 
The role of these additional ligands in neutrophil rolling on E-selectin is still under 
investigation.  
PSGL-1 mediated adhesion occurs because the lectin domains of the 
selectins have a low affinity for O-glycans expressed along the backbones of mucin 
proteins. Using recombinant forms of PSGL-1 and various biochemical assays, the 
binding of PSGL-1 and P-selectin has been thoroughly studied. Leppanen et al 
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showed that P-selectin achieves optimal binding with PSGL-1 when a modified 
core-2 O-glycan is present at residue Thr-44 along with sulfation of the tyrosine 
residues at Tyr-46, Tyr-48 and Tyr-51[133]. Post-translational modification of the 





), which is necessary for binding with P-selectin[138]. It has been shown 
previously that selectins can bind sLe
x
 alone both under static[13, 67, 191] and low 
shear stress conditions ( ≤ 2 dyn/cm2) [4, 24, 206, 259]. 
In addition to leukocyte-endothelial cell interactions, there are several ways 
that leukocytes can interact with platelets during thrombus formation and vascular 
repair. Specifically, monocytes have been shown to express both PSGL-1, which 
can interact with platelet P-selectin, and tissue factor (TF) which plays an important 
role in thrombus formation by working with factor VIIa to convert factor X into 
factor Xa[164-165]. Weber and Springer also observed that polymorphonuclear 
leukocytes can arrest on platelet layers through interactions between leukocyte Mac-
1 and fibrinogen bound to platelets via the integrin IIb3[253]. Indeed, the absence 
of Mac-1 has been shown to significantly impair leukocyte accumulation at sites of 
vascular injury[226]. Also, Mac-1 has been observed to bind to GPIb[225]. 
The Role of Shear Stress in Cardiovascular Disease 
Although inflammatory cell adhesion depends heavily on interactions 
between specific adhesion molecules, shear stress has also been shown to influence 
leukocyte adhesion in various cardiovascular diseases. Atherosclerotic lesion 
formation has been observed to localize in regions of unsteady shear throughout the 
arterial tree such as those found at bifurcations[127, 170, 183]. Several studies have 
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examined the role of shear stress in the progression of atherosclerosis[81, 121, 176], 
and a recent computational study has suggested that vascular remodeling, which can 
be tied in part to atherosclerotic plaque development, can cause changes in wall 
shear stress consistency[76]. These changes can have detrimental effects both in 
terms of cell adhesion and also the vascular wall itself. 
Changes in shear stress not only result in the continuous build up of adherent 
cells in unsteady shear zones; they can also affect the endothelium through a process 
known as mechanotransduction. Mechanotransduction occurs through physical 
stimuli caused by shear stress and can result in physical changes (e.g. vascular 
remodeling[126, 157] and the alteration of cell morphology[145]) or biochemical 
changes where forces exerted on a cell can up-regulate proinflammatory adhesion 
molecules[37, 169] (for an in-depth review of mechanotransduction, see [44]). 
Brakemeier et al showed that the regulation of gene IKCa1, which is responsible for 
the activation of potassium channels leading to cell hyperpolarization, is governed 
by shear stress[20]. The hyperpolarization induced by IKCa1 has been shown to be 
important to overall endothelial cell function during inflammation. Also, shear stress 
has been shown to cause changes in cell morphology through mechanisms involving 
the remodeling of the cytoskeleton that are dependent on tyrosine kinase, 
intracellular calcium and the cytoskeletal network itself. 
Other studies have shown that the production of prostacyclin, a potent 
vasodilator and inhibitor of platelet aggregation, is also linked to shear. Frangos et 
al showed that endothelial cells exposed to pulsatile shear produced prostacyclin at a 
rate more than twice that of cells exposed to steady shear and 16 times greater than 
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cells in stationary culture[69]. This suggests that areas of the vasculature that 
experience less pulsatile stress could be more vulnerable to atherosclerotic plaque 
build-up. Ranjan et al also observed an increase in constitutive nitric oxide synthase 
(cNOS) mRNA and protein levels in endothelial cells exposed to arterial shear stress 
levels but not in cells subjected to venous shear stresses[199]. This study 
demonstrated that endothelial cell production of vasodilators can be linked to 
elevated shear stress levels. Conversely, increased shear can also lead to the 
increased expression of endothelial adhesion molecules. Nagel et al showed that 
HUVECs exposed to a shear stress of 10 dynes/cm
2
 expressed ICAM-1 at 
significantly greater levels over time than cells in static conditions[169]. While 
these studies have shown that shear stress can have a profound impact on 
endothelial cells, its effects on leukocyte rolling and adhesion during inflammation 
are still being investigated. 
Effects of Shear Stress on Molecular Interactions during Leukocyte Rolling 
Shear stress has been shown to significantly influence leukocyte rolling by 
affecting the kinetics of selectin-ligand interactions. In 1978, George Bell proposed 
that the net dissociation rate for lectin-carbohydrate bonds that mediate adhesion 
between two cells could be determined as: 
        (1) 
where ko is the unstressed dissociation rate,  relates the ability of two molecules to 
interact to the distance separating them, kBT is the thermal energy and f is the force 
applied to the bond[11]. This model suggests that the bond is more likely to 
dissociate when increasing tensile force is applied to it, thereby describing what is 
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known as a slip bond. In most cases, the bonds that form and dissociate during 
leukocyte rolling adhere to slip bond kinetics. Indeed, Alon et al observed that while 
the unstressed off-rate of a PSGL-1/P-selectin bond averaged approximately 1 s
-1
, 
the application of 1.1 dynes/cm
2
 of shear stress (equivalent force loading of 112 pN) 
more than tripled koff to 3.5 s
-1
[5].  
In contrast, the peeling model during the disruption of cell adhesion 
presented by Dembo et al suggested that there are potential cases where tension 
applied to a bond may help lock the bond into place rather than disrupt it[46]. This 
provided the theoretical basis for catch bonds, which display a positive correlation 
between bond lifetime and force loading. Finger et al reported that at low shear 
stresses, leukocytes rolling on peripheral node addressin (PNAd) through L-selectin-
mediated binding required a minimum threshold shear stress to initiate rolling 
interactions[62]. Further studies also demonstrated that P- and E-selectin-mediated 
leukocyte rolling also displayed this minimum threshold shear behavior; however, 
this behavior was also dependent upon the site densities of the immobilized 
selectins[129].  
In 2003, Marshall et al reported the first direct observation that increasing 
force could prolong the lifetimes of P-selectin/PSGL-1 complexes[148]. The AFM 
and flow chamber measurements in this study elucidated a transition mechanism 
where P-selectin/PSGL-1 bonds exhibited catch bond behavior at low force loading 
but transitioned to slip bond behavior as force was increased. Further work by Evans 
et al showed that P-selectin/PSGL-1 complexes exhibit a two-pathway mechanism 
for dissociation where the bonds dissociate quickly when the force loading is slowly 
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ramped up but actually strengthen when quickly loaded with a jump in force[57]. 
While these studies demonstrated the existence of catch bonds, they did not clarify 
the role that catch bonds play in leukocyte rolling. That role was defined, however, 
through experiments performed by Yago et al which showed that catch bonds 
stabilize L-selectin-mediated neutrophil rolling at threshold shear[260]. Recently, 
Wayman et al also reported a role for catch bonds in E-selectin-mediated cell 
adhesion[252]. These studies clearly demonstrate the influence of shear stress on the 
molecular kinetics of leukocyte rolling. 
Effects of Shear Stress on Cell Deformation 
 Although shear stress plays an important role in leukocyte rolling through its 
effects on molecular interactions, shear stress can also influence leukocyte rolling 
by affecting cellular deformation. Previous studies have identified two scales for 
shear stress induced cell deformation: (I) local deformation through the extrusion of 
membrane tethers and (II) global deformation involving changes in cell 
morphology. Shao and Hochmuth first demonstrated the phenomenon of tether 
extrusion from leukocytes using a micropipette and antibody-coated 
microspheres.[223] They showed that when cells interacted with the beads and then 
were pulled away, occasionally thin cylinders of plasma membrane were extruded 
from the cell body. Because PSGL-1 is located on the tips of leukocyte microvilli, 
theoretical studies have suggested that microvillus extension can act as a mechanism 
for tether extrusion. Indeed, Pawar et al found through simulation that microvillus 
viscoelasticity influenced leukocyte rolling velocity at shear rates of 200 – 400 s
-1
 
(P-selectin density = 150 sites/m
2
) but not under low shear and ligand density 
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conditions (10 – 100 s
-1
; P-selectin density = 15 sites/m
2
).[186] The detachment of 
the plasma membrane from the cytoskeleton has also been suggested as an 
important step during membrane tether formation. Tether formation in red blood 
cells has been shown to involve the separation of the membrane from the 
membrane-associated cytoskeleton.[251] A recent study further observed that 
membrane tether formation in leukocytes appeared to coincide with the unbinding 
of the plasma membrane from the cytoskeleton.[56] This conclusion was 
strengthened by the significant decrease in force required to pull a membrane tether 
when neutrophils were treated with F-actin polymerization inhibitors. 
 Although these studies demonstrate that leukocytes form membrane tethers, 
they do not demonstrate a role for these tethers in leukocyte rolling. Chen and 
Springer suggested that membrane tethers might be responsible for balancing the 
fast dissociation rate of selectin-ligand bonds, thereby allowing leukocytes to roll 
even under high shear stress conditions.[35] Membrane tether formation was not 
observed during leukocyte rolling, however, until Schmidtke and Diamond 
published the first direct observations of this phenomenon.[219] They found that 
leukocytes interacting with selectin-coated surfaces or immobilized platelets under 
shear stress conditions could extrude thin membrane tethers (see Fig. 2). These 
tethers have since been shown to stabilize leukocyte rolling by reducing the angle of 
P-selectin/PSGL-1 bonds, thereby decreasing the torque applied to them.[182]  
Additional investigation has shown that the formation of membrane tethers 
correlates to shear stress, as cells under high shear flow have been observed to pull 




Figure 2: Schematic of membrane tether extrusion during P-selectin mediated 
rolling 
 
these membrane tethers could potentially be multi-bonded to a selectin-coated 
surface.[219] This idea arose from observations that membrane tethers occasionally 
displayed branching structures rather than a simple straight line. The ability of 
membrane tethers to bond to a surface at multiple points suggested that rolling could 
be further stabilized as the tether length grew. These observations could also support 
the hypothesis that increased tether formation could be observed with increasing the 
number of sites available for selectin/PSGL-1 binding. 
Shear stress has been shown to affect leukocyte rolling not only through 
local deformation effects, but also through global cell deformation. Firrell and 
Lipowsky reported that neutrophils rolling in rat mesenteric vessels elongated in the 
12 
 
direction of flow under increased shear stress.[63] Additional studies have also 
observed that adherent leukocytes in vivo deform from spherical shapes into 
ellipsoidal teardrop-like shapes when subjected to shear stress.[43, 49, 231] 
Theoretical simulations of leukocyte rolling have also posited that rolling leukocytes 
in flow can deform due to the viscoelastic nature of the cell membrane.[101, 112]  
These studies suggested that cell deformation could influence leukocyte 
rolling through a significant increase in leukocyte-endothelial cell contact. This 
conclusion was supported by additional reports that leukocytes roll at near constant 
velocities under a wide range of shear stresses. As further evidence of the effects of 
cell deformation, Templeman et al observed that rigid ligand-coated microspheres, 
when rolled on the same surface with the same ligand density as deformable cells, 
exhibited higher rolling velocities than the cells.[239] Indeed, Yago et al observed 
that neutrophils could remain attached to P-selectin coated substrates even at 
relatively high shear stresses while ligand-coated microspheres could not sustain 
rolling interactions above a threshold shear stress.[259] While these studies 
demonstrate that shear stress influences leukocyte rolling through deformation, there 
is still much work to be done in determining the impact of these physical effects.  
Influence of Selectin/Ligand Site Densities on Leukocyte Rolling 
In addition to the effects of shear stress, it should be noted that the number of 
selectin and ligand molecules available for binding can also have a profound effect 
on leukocyte rolling. In fact, the dependence of leukocyte rolling on selectin site 
density has been well established. Lawrence and Springer reported a significant 
increase in the number of neutrophils bound to a lipid bilayer reconstituted with P-
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selectin when site density was increased from 50 – 400 sites/m
2
[130]. Similarly, 
the same increase in site density resulted in a fourfold increase in rolling velocity at 
wall shear stresses ranging from 0.36 – 7.3 dynes/cm
2
. Lawrence and Springer also 
reported the same trends were observed for neutrophils rolling on immobilized E-
selectin, although rolling on E-selectin was noticeably slower compared to rolling 
on P-selectin[131]. Further studies also observed decreases in neutrophil adhesion 
when fewer P- or E-selectin sites were immobilized on plastic substrates or 
expressed by transfected CHO cells[129, 184]. P-selectin/ligand kinetics 
experiments performed by Alon et al have even suggested that neutrophils could 
interact with multiple selectin molecules at a site density of 15 sites/m
2
[5]. 
Computational simulations of neutrophil rolling on P-selectin have also suggested 
that decreased rolling velocity correlates with an increase in P-selectin site 
density[91]. Neutrophil rolling velocities have also been measured for L-selectin 
mediated rolling on PNAd[3] and cell surface ligand mediated rolling on L-
selectin[2]. In both cases, decreases in rolling velocity correlated with an increase in 
the site density of the immobilized ligand. 
In Vitro Models of Leukocyte Rolling 
 In vitro models have provided researchers with the opportunity to study 
physiologically-relevant events in a simplified system that requires control of only a 
small number of variables. Although these systems take a number of assumptions 
into account, they have provided valuable insight into the mechanisms behind many 
different physiological occurrences. One of the most common tools for modeling 




Figure 3: (A)A typical parallel-plate flow chamber (unassembled) (B)Schematic of a 
rectangular parallel-plate flow chamber 
 
chambers typically consist of a rectangular channel bounded on the top and bottom 
by immobilized flat plates. The bottom wall is usually a glass cover slip or 
microscope slide which can be adhered to the rest of the chamber through vacuum. 
Often, the top wall will be comprised of a flow deck with the height and width of 
the channel provided by an attached gasket.  
The flow velocity profile in a parallel-plate flow chamber can be modeled 
computationally by beginning with the conservation of momentum equation. If the 
x-axis is assumed to lie along the length of the channel and the y- and z-axes 
correspond to the width and height of the chamber respectively (Figure 3B), then the 
conservation of momentum equation for flow in the x-direction can be given as: 
               (2) 
Equation (2) can be simplified to the following differential equation: 
                                  (3) 
by negating terms according to well-accepted assumptions regarding fluid properties 
and experimental setup. Appendix A presents the full derivation for flow in a 




Additionally, the second derivative of vx with respect to y can be removed if the 
flow velocity is assumed to be independent of lateral position (chamber width). 
Previous studies have  demonstrated this assumption holds if the ratio of channel 
width to height (W:H) is greater than 10:1[41, 214], which is the case for most 
parallel-plate flow chambers including the Glycotech chamber used in the following 
studies (W = 5000m, H = 250m).  
The solution of equation (3) gives a parabolic velocity profile with respect to 
channel height with maximum velocity at the center. The velocity equation can be 
integrated over the height and width of the channel to determine the volumetric flow 
rate in terms of pressure drop, which can then be substituted back into the velocity 
equation. From there, taking the derivative of the velocity equation with respect to 
channel height yields the equation for shear rate (see Appendix A for full 
derivation). For adherent cells, the wall shear rate (shear rate at the vertical position 
equal to the bottom wall) is particularly important and is given in terms of channel 
dimensions and flow rate as: 
    z,wall = 3Q/4b
2
a    (4) 
where Q is the volumetric flow rate, b is half the channel height (H/2) and a is half 
the channel width (W/2).  
Another important calculation in leukocyte rolling is the drag force applied 
to an adherent cell as a result of hemodynamic flow. Goldman, Cox and Brenner 
initially determined this force could be calculated as: 




Table 2: Flow Rate Comparison for Microfluidic vs. Glycotech Chamber 
 
  














2.5 12 80 400 
50 
 
5 25 160 800 
100 
 
10 50 320 1600 
200 
 
20 100 650 3300 
400 
 
40 200 1300 6500 
800 
 
80 400 2600 13000 
 
where z is the distance between the wall and the center of the cell, k is a correction 
factor that takes wall effects into account, R is the radius of the sphere and w is the 
wall shear stress[87]. Equation (5) assumes that the cell is a rigid sphere and that 
shear stress is constant across the height of the cell. The assumption of constant 
shear stress implies a linear velocity profile, which has been proven to be valid only 
when the ratio of cell diameter to chamber height (Dc/H) is less than 0.1.[194] 
Although this assumption works well for parallel-plate flow chambers, including the 
Glycotech chamber (Dc/H = 0.03 when Dc ~ 8m), leukocyte rolling has most often 
been observed in post-capillary venules[7, 15, 63, 97, 106, 137, 174], which have 
diameters ranging from 30 – 100 m. This means that the constant shear stress 
assumption made by Goldman, Cox and Brenner is not valid in these vessels, and 
large parallel-plate flow chambers will not properly model leukocyte rolling in the 
microvasculature. Therefore, in vitro modeling of leukocyte rolling in post-capillary 
venules requires flow chambers with similarly small dimensions. Custom 
microfluidic flow chambers can be fabricated to meet this criterion and can be 
practical alternatives to large parallel-plate flow chambers when limited sample 
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volumes are available (Table 2). Although custom microfluidic chambers have such 
great potential, their use in modeling leukocyte rolling has been limited. 
 Cell Size versus Channel Height in Microfluidic Chambers 
Much effort has been devoted to investigating why leukocyte rolling is most 
often observed in the microvasculature and how this rolling differs from adhesion in 
larger vascular structures. Some studies have suggested that leukocytes entering 
post-capillary venules are pushed towards the vascular wall as a result of physical 
interactions with red blood cells[187, 235]. Indeed, previous observations have 
noted that red blood cells entering post-capillary expansions tend to flow faster than 
leukocytes, thereby displacing leukocytes toward the outer walls of the 
venules[218]. Additionally, physical interactions between red blood cells and 
leukocytes can potentially cause leukocytes to deform while adhering to the vessel 
wall, leading to increased surface area for adhesive interactions to take place[158]. 
 Interactions between cells, however, are not the only factor involved in 
increased leukocyte adhesion in the microvasculature. In smaller vessels, a single 
adherent leukocyte will occlude a much larger percentage of the flow compared to 
larger veins. Theoretical studies have examined the effects of leukocyte adhesion on 
the flow in post-capillary venules and how these changes in flow in turn affect the 
forces acting on the leukocyte[31, 49]. These studies showed that as channel height 
decreases relative to cell size (increasing Dc/H), the greater flow occlusion leads to 
an increase in the drag force acting on the cell as a result of an increase in pressure 
drop across the cell surface. Simulations of leukocyte rolling in microfluidic 
chambers performed by Khismatullin and Truskey predicted this increased drag 
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force would result in increased cell contact time[111]. They explained that the 
increased drag force would result in a subsequent increase in torque on the cell, 
thereby bringing a greater portion of the front edge of the cell into contact with the 
chamber wall. Therefore, cells would be more likely to remain in contact with the 
wall instead of detaching.  
Although numerous theoretical studies have examined the effect of cell size 
relative to channel height, little investigation has been done to determine how 
channel height actually affects leukocyte rolling behavior. While in vivo studies 
have been performed to examine leukocyte rolling in post-capillary venules, there 
are many factors in addition to the flow dynamics that must be accounted for. 
Microfluidic chambers provide a simplified system where the effects of flow on 
leukocyte adhesion in microvasculature-sized structures can be studied independent 
of other factors. 
Microfluidic Studies Involving Channel Geometry 
 Microfluidic chambers can also serve as a novel technology for modeling 
leukocyte adhesion in studies involving channel geometry. Studies have shown that 
hemodynamic flow is dependent upon channel geometry and that geometric 
complexities can lead to regions of unsteady shear[119, 173, 205]. These unsteady 
shear regions have been observed to be target sites for atherosclerotic plaque 
formation[66, 170, 183]. One such particular geometric structure that is known to 
promote cellular adhesion due to unsteady shear is the bifurcation. 
 Bifurcations exist naturally throughout the vasculature and have been shown 
to be vulnerable sites for increased inflammation and atherogenesis. Studies 
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modeling the flow at bifurcation sites have been performed for some time, and the 
computational models built in these studies have become increasingly complex[16, 
58, 70, 108]. More recently, researchers have used MRI or CT scan data to create 
models to overcome the problem of over-simplified geometries[124, 234]. These 
computational studies and others have shown that a stagnation point exists at the 
apex of a bifurcation[72, 188]. This low shear zone not only presents an area of 
unsteady shear which could potentially disrupt endothelial cell morphology and 
function, but could also serve as a site for leukocyte adhesion. Although these 
studies demonstrate that disturbed flow exists at bifurcations, they do not investigate 
the pattern of leukocyte adhesion in regions of disturbed flow. 
 
Figure 4: Side view schematic of a vertical step sudden expansion flow chamber 
with recirculation zone 
 
Much of the work that has explored leukocyte adhesion under disturbed flow 
in vitro has been performed in sudden expansion flow chambers, where an 
additional gasket is used to create a vertical step function (Figure 4). Truskey et al 
demonstrated that this step function could induce the formation of recirculation 
zones just downstream of the step[240]. While these chambers have been used 
mostly to study the effects of recirculating flow on endothelial cells[38, 255-256], 
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Barber et al also reported that U-937 cells adhered to endothelial cells at certain 
points in the recirculation zone[9]. Further studies demonstrated that neutrophils 
could adhere to P-selectin in the recirculation zone even when the shear stress 
downstream of the step was too high to support selectin-mediated rolling[228]. 
Similarly, platelets immobilized on collagen were also able to capture free-flowing 
neutrophils in the recirculation zone even at high shear stress[229]. While these 
studies demonstrate leukocyte recruitment to areas of disturbed flow, they do not 
address the pattern of leukocyte adhesion specifically at bifurcated geometries. 
Recent in vivo studies involving mice have reported patterns of 
atherogenesis at bifurcations similar to those found in humans[198, 254]. While 
these studies have demonstrated that bifurcations naturally promote cell adhesion 
and atherosclerotic plaque formation, there are many different factors that must be 
taken into account. In particular, it is extremely difficult to determine what role the 
vascular geometry plays in cell adhesion relative to other factors such as circulating 
proinflammatory signals and endothelial cell function and signaling. For this reason, 
microfluidic channels can be used to provide simplified systems in order to 
specifically study how channel geometry affects cell adhesion. Little work has been 
done, however, to investigate the effects of shear disturbance at bifurcations 
specifically on selectin-mediated leukocyte adhesion. As selectin-mediated rolling is 
known to be more prevalent at lower shear stresses, it is possible that regions of low 
shear such as those found at bifurcations could promote the initial PSGL-1/P-




Overview and Significance 
Leukocyte rolling on selectins has been shown to be an important first step 
in the inflammatory process and is also significant in the pathogenesis of a range of 
cardiovascular diseases. Shear stress influences selectin-mediated neutrophil 
adhesion and rolling by affecting both local and global cellular deformation. While 
the effects of global cell deformation on contact area have been investigated through 
measurements of the length of contact between the cell and underlying substrate, 
only a few studies have investigated methods for directly imaging the underlying 
footprints of rolling leukocytes. In chapter 2 we present reflective interference 
contrast microscopy (RICM) as a low-cost technique for visualizing the footprints 
of rolling neutrophils. A simple thresholding algorithm allowed us to isolate areas of 
low separation distance between the cell and substrate. RICM also visualized the 
formation of membrane tethers from these regions. This study also uses RICM to 
investigate the effects of shear stress and shear rate on tether formation and overall 
contact area or cell “footprint”.  
However, shear stress is only one of many factors that influence leukocyte 
rolling. Another significant factor is the number of selectin and ligand molecules 
available for binding. While the effects of selectin density have been well 
documented for leukocyte rolling, there have been no reports as to how it affects 
membrane tether formation. E-selectin has also been shown to mediate leukocyte 
rolling with reports of slower rolling velocities compared to P-selectin. 
Additionally, the ability of ligands distinct from PSGL-1 to mediate rolling on E-
selectin is also under investigation. Chapter 3 uses differential interference contrast 
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(DIC) microscopy to investigate how ligand density and ligand type work in 
conjunction with shear stress to mediate membrane tether formation.  
Chapter 4 presents an in-depth discussion of theoretical studies which have 
proposed that microfluidic chamber height plays a role in shear stress, which can in 
turn affect selectin-mediated leukocyte rolling. This discussion is accompanied by 
experimental work which investigates how varying microfluidic chamber height and 
the resulting changes in shear stress affect P-selectin-mediated neutrophil rolling. 
Chapter 5 extends the investigation of the effects of shear stress on neutrophil 
rolling to include channel geometry, specifically sites of bifurcation. This study 
examines how regions of low shear can promote neutrophil adhesion even when the 
overall perfusion rate is very high. Finally, chapter 6 discusses the overall 
conclusions of these studies and gives recommendations for future work. 
The studies presented herein are significant in that they provide a better 
understanding of a vital physiological process. The studies in chapter 2 present a 
simple microscopy technique that gives insight into the dynamic nature of 
neutrophil footprints during selectin-mediated rolling. They also demonstrate that 
this technique can be used to gain a better understanding of the formation of 
membrane tethers, both in terms of the points in the cell footprint from which they 
originate and the observation that their formation is mediated by shear stress rather 
than shear rate.  
Membrane tethers are important in that they stabilize leukocyte rolling 
velocities at a range of shear stresses. However, there has been little work to 
determine how other factors in conjunction with shear stress affect membrane tether 
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formation. The work discussed in chapter 3 demonstrates that increased tether 
formation correlates with increased ligand density as well as increased shear stress. 
This work also reports the direct observation of membrane tether formation on E-
selectin and shows differences in membrane tether lifetime but not tether length on 
this ligand. 
The studies in chapter 4 are novel in that they utilize microfluidic chambers 
with dimensions close to post-capillary venules (200 x 20 m, W x H) that require 
13 – 390 times less sample volume than previously reported microfluidic studies. 
The rolling velocities observed in these chambers experimentally confirm the 
predictions of previous theoretical studies that decreased leukocyte rolling velocity 
correlates with decreasing channel height, thereby demonstrating a need for new 
experimental methods to better model leukocyte rolling in the microvasculature. 
Additionally, understanding the effects of shear stress variations caused by channel 
geometry on leukocyte rolling may lead to a better understanding of the 
pathogenesis of atherosclerosis and myocardial infarction. Indeed, the work 
discussed in chapter 5 shows that adherent leukocytes can accumulate at the apex of 
a bifurcation even under very high shear stress. Furthermore, these studies 
demonstrate that this accumulation is dependent on cellular deformation, as well as 
specific molecular interactions and the geometric properties of the microfluidic 
chamber. Overall, the work detailed here provides additional insight into the 
physical influence of shear stress on P-selectin-mediated neutrophil rolling. 
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CHAPTER 2: Reflective Interference Contrast Imaging of Rolling Neutrophil 




The recruitment of leukocytes to the blood vessel wall is a critical process in 
a number of acute and chronic physiological pathologies including thrombosis,[28, 
179] inflammation,[135, 149-150] myocardial infarction,[68, 177] stroke,[204, 212] 
atherosclerosis,[54, 80, 198] and cancer metastasis[18, 100, 114]. Capture of 
leukocytes by the vessel wall leads to leukocyte rolling, which allows leukocytes to 
survey the endothelium for inflammatory signals that can activate them and cause 
firm adhesion and transendothelial migration.  The initial capture and subsequent 
rolling of leukocytes on activated endothelial cells, activated platelets, or other 
leukocytes is mediated by a family of transmembrane glycoproteins called the 
selectins. P-selectin is expressed on activated platelets and endothelial cells, E-
selectin is expressed on activated endothelium, and L-selectin is expressed on most 
leukocytes. Whether a leukocyte rolls on the vessel wall depends on the balance 
between the adhesive forces generated by selectin-ligand interactions at the cell 
membrane/substrate interface and the fluid shear forces leading to detachment.  
 Although prior experimental and computational work have shown that cell 
deformation is an important parameter in modulating leukocyte rolling, the relative 
importance of the different types of deformation: whole-cell deformation, changes 
in cell/substrate contact area, and membrane tether formation are still not fully 
understood. The relationship between whole-cell deformation and rolling velocity 
has been studied in vivo using intravital microscopy[63], in vitro using a novel side-
view imaging system[132] or using fixed cells[182, 259]. Alternatively, the 
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importance in membrane tether formation in modulating leukocyte rolling velocities 
has been primarily assessed in vitro by differential interference contrast (DIC) 
microscopy[197]. Although estimates of cell contact areas have been made by 
measuring contact zone lengths and assuming circular contact zones[63, 132], direct 
measurement of leukocyte contact area measurements are desired.  
 Traditionally, imaging of the contact area between a rolling leukocyte and 
the underlying substrate has been difficult because of the dynamic nature of the 
interaction and the inability of the traditional microscopy techniques (i.e. phase 
contrast, DIC, epifluorescence, intravital) to image this region. Recently however, 
Sundd et al[236] have reported the direct imaging of the contact area between 
rolling leukocytes and selectin-coated substrates via quantitative dynamic 
footprinting which is an adaptation of total internal reflection fluorescence (TIRF) 
microscopy. In addition to providing direct measurements of the contact area or 
“footprint” of rolling neutrophils, this technique also allowed for direct imaging of 
the anchorage attachment points of membrane tethers.  
 Two requirements of the dynamic footprinting method that may limit its 
broad use are (i)it requires a specialized TIRF setup, which typically is expensive 
and (ii)it requires the use of fluorescent cells (e.g. DiI-labeled cell membranes, or 
green-fluorescent protein transfected cells). As a low-cost alternative to this 
technique we report the use of reflection interference contrast microscopy (RICM) 
to obtain dynamic measurements of the contact areas of rolling neutrophils and the 
adhesion points of membrane tethers. While this technique has previously been used 
to image the footprints of stationary[190], spreading[220] and settling[189] 
26 
 
leukocytes, it has not been used in conjunction with leukocyte rolling. Here, we 
demonstrate how RICM can be used to estimate neutrophil contact areas based on 
the cell/substrate separation distance. We also report the imaging of neutrophil 
membrane tethers from low separation distance adhesion points and the role of shear 





Antibodies and Reagents 
Human P-Selectin, anti-PSGL-1 mAb PL1, and anti-P-Selectin mAb G1 were 
kindly provided by Dr. Rodger McEver (Oklahoma Medical Research Foundation, 
Oklahoma City, OK). Anti-CD18 mAb IB-4 was purchased from Ancell and Human 
Serum Albumin (HSA), manufactured by ZLB Behring, was purchased from 
National Hospital Specialties. 
 
Neutrophil Isolation 
Venous human blood was obtained from healthy donors and anticoagulated with 
heparin. Neutrophils were isolated using the dextran sedimentation protocol set 
forth in Appendix B. Briefly, dextran sedimentation for 1 h yielded leukocyte-rich 
plasma, and sodium chloride solutions were used to lyse any remaining 
erythrocytes.  Neutrophils were then isolated by centrifugation over Cellgro 
Lymphocyte Separation Medium (Mediatech).  Following isolation, neutrophils 





Gibco Laboratories) supplemented with 0.5% HSA.  Neutrophils were then 
suspended in the same buffer at 5*10
5
 cells/mL.  Cells counts were verified using a 
manual hemocytometer set (Hausser Scientific). The blood collection protocol was 
approved by the Institutional Review Board of the University of Oklahoma, and 






Fisherbrand 45 mm x 50 mm glass cover slips were each incubated with a 25 L 
drop of P-Selectin at a concentration of 1.5 g/mL in humidified chambers at room 
temperature.  After 3 h, the substrates were washed and then incubated with a 0.5% 
HSA in HBSS for 30 min to block non-specific binding. P-selectin Site density 
measurements were determined using 
125
I-labeled mAb G1 as described.[162, 222]  
 
Cell/Substrate Treatments 
To block P-Selectin on the substrates they were incubated with mAb G1 for 30 min 
at 20 g/ml prior to neutrophil perfusion. To block PSGL-1 on the surface of 
neutrophils the cells were incubated with mAb PL1 (anti-PSGL-1) at 20 g/ml in 
0.5% HSA/HBSS medium for 30 min and then perfused over normal P-Selectin 
substrates.  Following perfusion of the PSGL-1-blocked cells, the substrates were 
washed by perfusing HBSS through the flow chamber.  After this washing untreated 
neutrophils were perfused through the flow chamber to determine if rolling could 
occur.  
 
Flow Assay and Metamorph Analysis 
P-Selectin coated substrates were used as the lower wall in a Glycotech parallel 
flow chamber.  Isolated neutrophils were initially allowed to accumulate for 60 s at 
a shear rate of 50 s
-1
. The cell suspension was switched off and cell-free HBSS was 
perfused through the chamber at the desired shear rate.  Cell rolling and adhesive 
interactions with the underlying substrate were imaged across the substrate using 
29 
 
reflective interference contrast microscopy (RICM) with a Zeiss 63X/NA 1.25 Plan-
Neoflaur oil immersion antiflex objective on a Zeiss Axiovert 200 microscope. 
Observations were captured with a CCD camera (DAGE-MTI CCD-300) at 30 
frames per second and recorded onto videotapes using a Sony S-VHS videocassette 
recorder.  15 s video segments of rolling cells were digitized from videotapes using 
the software program Metamorph (Molecular Devices, version 7.5) loaded onto a 
Pentium-based workstation. Instantaneous rolling velocities were measured by 




Instantaneous cell footprint areas were measured by frame-by-frame analysis of 
rolling neutrophils over 30 frames to determine the average footprint area for 1 
second of rolling. A thresholding algorithm previously used by Pierres et al[189] 
was used to correlate pixel intensity (I) to separation distance between the cell and 
substrate (z) with the following equation: 
z = (/4)*arccos((2I - Im - IM)/(Im - IM))          (6) 
where  is the wavelength of light (546 nm) and Im and IM are the minimum and 
maximum pixel intensities which correspond to separation distances of z = 0 and z = 
/4 (137 nm), respectively. We chose separation distances of z < 137, 100, 75 and 
50 nm to perform thresholding analysis.  
Further analysis of digitized video segments produced three distinct 
membrane tether events.  The first type of cells rolled without pulling any 
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observable membrane tethers. Rolling cells that produced membrane tethers were 
further classified according to tether fate: tethers that retracted back to the cell body 
and tethers that broke away from the cell body resulting in the deposition of a piece 
of cellular membrane.   The lengths of the membrane pieces left behind were 
measured using the linescan function of the Metamorph software. Membrane pieces 
were separated into two categories: microparticles (length < 1 m) and 
microfragments (length > 1 m).  
 
Ficoll Experiments 
To determine the effect of shear stress on microparticle formation, isolated human 
neutrophils were resuspended in HBSS supplemented with 0, 3, and 6% (wt/vol) of 
Ficoll (M = 400,000, Sigma) in order to increase the viscosity.  The respective 
viscosities of the media were measured at 1.0, 1.8, and 2.6 cP at room temperature 
using a u-tube viscometer.  Wall shear stress was calculated from the equation w = 
(6Q)/(B
2
W), which is the solution of the Navier-Stokes equation for laminar flow 
of a Newtonian liquid between parallel plates, where Q is the flow rate,  is the 
viscosity, B is the total plate separation and W is the width. Wall shear rate was 







Neutrophil contact area during rolling is dependent on cell/substrate separation 
distance and shear stress. Neutrophil rolling on P-selectin is mediated by PSGL-1 
expressed on the tips of neutrophil microvilli. When sufficient force is applied to 
these selectin bonds, membrane tethers are extruded[197, 219]. To characterize the 
transient, discrete, adhesive interactions between the cell membrane and the 
underlying surface, we imaged unlabeled neutrophils during rolling on P-selectin by 
reflective interference contrast microscopy (RICM). As shown in Figure 5a, RICM 
visualized the region of the cell body in close contact with the underlying substrate. 
This cellular “footprint” translocated downstream in real time as the neutrophil 
rolled. By processing the image to remove the background, we were able to isolate 
and measure the cell footprint area. Based on RICM theory, this area corresponded 
to the surface of the cell within a separation distance (z) of 137 nm. Similarly, we 
used a threshold algorithm based on pixel intensity as previously described by 
Pierres et al[189] to isolate areas of the cell with separation distances at z < 50, 75 
and 100 nm. We observed that these areas decreased with decreasing separation 
distance to the point that at z < 50 nm the cell surface area visualized was contained 
in a handful of small distinct points (Fig. 5a).  Conversely, we observed little 
difference between the contact areas when thresholding for a separation distance of 
z < 100 nm compared to the overall cell footprint. These data demonstrate that 
RICM can be used to image the contact areas of rolling neutrophils and that these 





Figure 5: RICM allows for the visualization of the cellular “footprint” or contact 
area, which we isolated through a thresholding algorithm at separation distances of z 
< 50, 75 and 100 nm. Also presented are color composites of the overall cell 
footprints. These cells were visualized during rolling at (a)1 dyne/cm
2
 and (b)8 
dynes/cm
2
. (c)The cumulative contact area increased with increasing separation 
distance for cells rolling at 1 dyne/cm
2








Figure 6: We used frame-by-frame analysis of RICM images to measure the 
instantaneous velocities and of neutrophils rolling at 1 dyne/cm
2
 over a 1 second 
period. We also measured instantaneous contact areas over a 1 second period by 
thresholding images based on separation distances of z < 50, 75, 100 and 137 nm. 
This analysis was performed for three cells to ensure reproducibility. 
 
To investigate the role of shear stress on neutrophil contact area, we 
observed neutrophil rolling with RICM on substrates coated with a constant P-
selectin concentration (1.5 μg/mL) at wall shear stresses of 1 and 8 dynes/cm
2
. 
Figure 5b shows that at separation distances of z < 50, 75 and 100 nm, a greater 
portion of the cell surface was visible at 8 dynes/cm
2
 compared to 1 dyne/cm
2
. 
Similarly, the overall cell footprints of cells rolling at 8 dynes/cm
2
 were also 
significantly larger. Figure 5c illustrates the increase in contact area between cells 
rolling at 1 dyne/cm
2
 (dark symbols) and 8 dynes/cm
2
 (open symbols), as well as the 





Figure 7: A similar frame-by-frame analysis was performed for neutrophils rolling 
at 8 dynes/cm
2
 over a 1 second period. We also measured the instantaneous contact 
areas over a 1 second period at separation distances of z < 50, 75, 100 and 137 nm 
and found them to be significantly greater than cells rolling at 1 dyne/cm
2
. This 
analysis was performed for three cells to ensure reproducibility. 
 
We also measured a plateau in cumulative contact area at z > 100 nm at both shear 
stresses.  
 
Neutrophil contact area is dynamic and relates to instantaneous rolling velocity. 
Using frame by frame analysis, we measured the instantaneous velocities and 
contact areas of rolling neutrophils at 1 and 8 dynes/cm
2
 over a period of 1 second. 
At a wall shear stress of 1 dyne/cm
2
, rolling was characterized mostly by low 
velocities with the occasional spike (Fig. 6) while at 8 dynes/cm
2
 velocity spikes 
were larger and fewer pauses or periods of low velocity were observed (Fig. 7). 
When contact areas were plotted over time based on the different separation 
distances, we observed that lower separation distance always corresponded to a 
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smaller contact area at both 1 and 8 dynes/cm
2
 (Fig. 6-7). At a separation distance of 
z < 50 nm, contact areas were typically less than 1 m
2
 at 1 dyne/cm
2
 while areas at 
8 dynes/cm
2
 ranged from approximately 2 – 7 m
2
. As separation distance was 
increased, however, we observed significant differences in contact area between the 
two shear stresses. Figure 6 shows that at 1 dyne/cm
2
, the greatest contact areas (z < 
137 nm) ranged from approximately 8 – 12 m
2
 while at 8 dynes/cm
2
 the overall 
area ranged from approximately 15 – 25 m
2
 (Fig. 7). We also observed that 
fluctuations in contact area at higher separation distances appeared to correlate with 
spikes in rolling velocity. 
To better illustrate this trend, we plotted instantaneous velocity against 
contact area at the four previously mentioned separation distances for three cells at 1 
dyne/cm
2
 (Fig. 8). We also observed a general trend that higher rolling velocities 
appeared to correspond with lower contact areas. This same trend also appeared for 
cells that rolled at 8 dynes/cm
2
 (Fig. 9). Although we were unable to determine a 
specific correlation between the two factors, the trend that appeared was similar to a 
model presented recently in a master’s thesis at the Massachusetts Institute of 
Technology[19]. This model suggested that decreasing the microvillus tip area 
resulted in an increase in rolling velocity. By assuming a hemispherical microvillus 
tip area of 0.06 m
2
 (surface area of a hemisphere = 2Rmv
2
, Rmv = 0.1 m[11, 
111]), we used our contact area measurements at z < 50 nm to calculate the number 
of microvilli interacting with the substrate (Fig. 10). At 1 dyne/cm
2
, we found that 
typically less than 10 microvilli were in contact with the substrate, though some 




Figure 8: Instantaneous velocities were plotted against their corresponding contact 
areas for 3 cells rolling at 1 dyne/cm
2
. Thresholding was applied for separation 




Figure 9: Instantaneous velocities were plotted against their corresponding contact 
areas for 3 cells rolling at 8 dynes/cm
2
. Thresholding was applied for separation 





Figure 10: We calculated the number of microvilli interacting with the substrate at z 
< 50 nm by assuming a microvillus tip area of 0.06 m
2
 for 3 cells rolling at (a)1 
dyne/cm
2






Figure 11: Average contact area was calculated based on separation distance for 3 
cells rolling at 1 and 8 dynes/cm
2
. Significant differences were observed at all 
separation distances between the two shear stresses. Contact areas were also 
significantly higher at z < 75 and z < 100 nm but did not significantly change 







 we calculated a significantly greater number of interacting microvilli 
(25 – 75 with > 100 microvilli in extreme cases). 
In addition, we continued to observe that contact area depended on 
separation distance. This could be seen in the shift in contact area points toward 
higher values with increasing separation distance. We also noted that contact areas 
were nearly similar for separation distances greater than 75 nm. We quantified the 
influence of separation distance on contact area by calculating the average contact 
area for each separation distance. Figure 11 shows that contact areas at 8 dynes/cm
2
 
were always significantly greater than at 1 dyne/cm
2
. Furthermore, there was a 
significant increase in average contact area between z < 50 – z < 75 nm and z < 75 
nm – z < 100 nm. However, there was no significant change when separation 
distance was increased beyond 100 nm. 
RICM images the formation and breakage of membrane tethers during rolling. 
While observing neutrophil rolling with RICM, we noted that the dark regions 
corresponding to areas of low separation distance between the cell and substrate did 
not always disappear, but remained stationary after the cell had translocated 
downstream and resulted in the formation of membrane tethers (Fig. 12a). In 
general, membrane tether structures grew to be ~ 3-5 m in length before releasing, 
but in some cases they grew significantly longer (> 20 m). For the elongated 
tethers, we also observed branching of the tethers and distinct contact points  
confirming our previous reports[219] of tethers being multi-bonded to the surface 





Figure 12: (a)During rolling, neutrophils contacted the underlying substrate directly 
through distinct points of low separation distance. These points could remain in 
place as the cell translocated downstream resulting in the formation of a membrane 
tether (white arrows). Often, membrane tethers released from the substrate and 
retracted back to the cell body. Scale bar = 10 m. (b)Occasionally, we observed 
very long tethers with several branches and contact points (white arrows). Scale bar 
= 10 m. 
 
 During the course of the experiments tethers generally released from the 
substrate and retracted to the cell body. On rare occasions, however, a tether would 
separate from the cell somewhere along its length before releasing from the 
substrate. These tether breakage events resulted in the deposition of membrane 
pieces, which would remain on the substrate while the cell continued to translocate 
downstream. We measured the lengths of these deposited pieces and classified them 
into two categories: microparticles (MP) which had lengths less than 1 μm (see 
Figure 13a), and microfragments (MF), which were greater than 1 μm in length (see 




Figure 13: On rare occasions, we observed the deposition of pieces of cell 
membrane following the separation of membrane tethers from the cell body. We 
classified these pieces into two categories according to their length: 
(a)microparticles, length < 1 m and (b)microfragments, length > 1 m. 
 
Membrane tether formation and breakage correlate with elevated wall shear stress 
levels. To determine the effects of shear stress on the frequency of membrane tether 
formation and breakage, we observed 50 neutrophils rolling on 1.5 g/mL P-selectin 
at wall shear stresses ranging from 1 – 8 dynes/cm
2




Figure 14: Isolated neutrophils were perfused at various shear stresses (1 – 8 
dyn/cm
2
) over substrates coated with P-Selectin at a density of 490 sites/m
2
. An 
increase in tether formation is seen with increasing shear stress. Microparticle and 
microfragment deposition were rare but did occur under elevated shear stress 




based on the presence or absence of membrane tethers. Cells that formed membrane 
tethers were further divided according to membrane tether fates (retraction or 
breakage) and broken tethers were divided according to the breakage result (MP/MF 
deposition). Figure 14 shows that an increase in the frequency of membrane tether 
formation significantly correlated with increased shear stress. We observed 
approximately 50% of cells pulling at least one tether at a wall shear stress of 1 
dyne/cm
2
, which increased to nearly 80% of cells at a wall shear stress of 8 
dynes/cm
2
. In contrast, tether breakage events appeared to be rare occurrences that 
were only observed under high shear stress conditions (> 4 dynes/cm
2
). However, at 
a wall shear stress of 8 dynes/cm
2
 we did observe approximately 4% and 6% of cells 
depositing a microparticle or microfragment, respectively (Fig. 14). These data  
demonstrate that tether formation and tether breakage correlate with elevated wall 
shear stress conditions. 
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Overall contact area and membrane tether formation correlate with shear stress 
rather than shear rate. The above data (Fig. 14) suggests that the frequency of 
membrane tether formation is directly related to shear stress applied to the PSGL-
1/P-selectin bond(s). Shear stress applies both a force and a torque on the rolling 
cell. Thus one mechanism is that as the shear stress increases the force on the cell 
and the PSGL-1/P-selectin bonds, the probability that the cell membrane will 
separate from the cell cytoskeleton and form a membrane tether also increases. 
However, since shear stress is the product of shear rate and viscosity, it is possible 
that an increased shear rate increases the formation of new PSGL-1/P-selectin bonds 
before previous bonds dissociate[29, 35, 62]. The formation of these additional  
bonds may stabilize the adhesive interaction between the cell and the surface and 
promote tether formation.   To differentiate the relative roles of shear stress and 
shear rate on membrane tether formation we independently varied these two 
parameters by perfusing cells in media of different viscosities over substrates coated 
with a P-selectin concentration of 1.5 μg/mL. The viscosity of the media was varied 
by adding Ficoll at 3% or 6% w/v as previously described in the literature[36, 260-
261].  With no Ficoll added, shear rates of 100, 200, 400 and 800 s
-1
 corresponded 
to shear stresses of 1, 2, 4 and 8 dyn/cm
2
, respectively. Buffer supplemented with 
3% w/v Ficoll gave shear stresses of 1.8, 3.6, 7.2 and 14.4 dyn/cm
2
, and buffer 




 Figures 15a and 15b show tether formation plotted as a function of shear rate 




Figure 15: Isolated neutrophils were suspended in HBSS supplemented with Ficoll 
400 at 0% w/v, 3% w/v and 6% w/v. These suspensions were perfused over 
substrates coated with P-Selectin (490 sites/m
2
) at various shear rates (100-800s
-1
). 
The variation of the Ficoll concentration allowed for the manipulation of shear 
stress independently of the shear rate. (a)Neutrophils show increasing tether 
formation with increasing shear rate, but that increase is independent with respect to 
Ficoll concentration. (b)The increase in tether formation with increasing shear 
stress, however, is not independent of Ficoll concentration. (c-d) The same is true 
for overall cell footprint area measurements (z < 137 nm). 
 
for the three different viscosities were parallel to each other and show that for a 
given shear rate the frequency of membrane tether formation could be increased by 
increasing the viscosity or shear stress (i.e. force). In contrast, when the membrane 
tether formation frequency was plotted as a function of shear stress, the data curves 
for the different viscosities aligned over the overlapping range of shear stresses. 
Alignment of these curves suggests that the frequency of membrane tether 
formation was primarily controlled by shear stress rather than shear rate.  
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 Similarly, we plotted the overall neutrophil footprint area as a function of 
shear rate (Fig. 15c) and shear stress (Fig. 15d). Like membrane tether frequency, 
we observed three distinct parallel curves corresponding to the three different 
viscosities when contact area was plotted as a function of shear rate. Conversely, 
plotting the contact area against shear stress revealed overlapping curves which 
aligned to illustrate a single trend of increasing contact area with increasing shear 
stress. In this case, contact area increased from approximately 11 – 24 m
2
 when 
shear stress increased from 1 – 20 dynes/cm
2
. These data demonstrate that contact 





In these studies, we used reflective interference contrast microscopy (RICM) 
to directly observe the underlying footprints of neutrophils rolling on P-selectin 
substrates. Our observations revealed that, while a portion of the rolling cell’s 
surface is very close to the substrate, there are subtle variations in the separation 
distance between the cell and the substrate across the cell surface. We applied a 
thresholding algorithm similar to that used by Pierres et al[189] to isolate specific 
areas of the footprint at z < 50 nm revealed distinct points of adhesion between the 
cell and substrate. While these adhesions points appeared and subsequently 
disappeared as a rolling cell translocated downstream, we also observed the 
extraction of membrane tethers when adhesion points remained in place after the 
cell had moved downstream. Using Ficoll to vary the viscosities of cell suspensions, 
and consequently the shear stress independent of shear rate, we also demonstrate 
that membrane tether formation and changes in contact area are dependent on shear 
stress. These studies are novel in that (i) they utilize RICM to visualize the 
footprints of rolling neutrophils in real time, (ii) they demonstrate that neutrophil 
contact area is a dynamic quantity dependent on shear stress, (iii) we report the 
direct observation of membrane tethers forming from distinct points of adhesion and 
(iv) we show that the frequency of membrane tether formation and neutrophil 
contact area are dependent on shear stress rather than shear rate. 
The measurement of leukocyte contact areas during rolling adhesion has 
been a significant topic of investigation in previous theoretical and experimental 
studies. However, leukocyte rolling has typically been visualized by phase contrast 
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microscopy, direct interference contrast microscopy, epifluorescence or intravital 
microscopy, all of which do not allow for the visualization of cell footprints. 
Previous studies overcame this difficulty by experimentally measuring the contact 
lengths of adherent cells and assuming a circular contact area[49, 63]. The assumed 
contact areas calculated from these contact length measurements ranged from 20 – 
40 m
2
. Theoretical models of rolling cells as two dimensional elastic rings also 
predicted contact lengths on the same order of magnitude as experimental 
measurements. More recently, three dimensional models of rolling leukocytes have 
predicted a wide range of contact areas. Pospiezsalska et al[192] reported contact 
area measurements of approximately 3 m
2
 for neutrophils rolling at a shear stress 
of 0.5 dynes/cm
2
 using their event-tracking model of adhesion. On the other hand, 
Jadhav et al[101] predicted contact areas between 15 – 30 m
2
 at shear rates ranging 
from 100 – 400 s
-1
 using the immersed boundary method. However, these studies 
did not offer corresponding experimental measurements.  
Recently, Sundd et al[236] reported using quantitative dynamic footprinting 
(qDF) to image the footprints of rolling neutrophils labeled with DiI or neutrophils 
from knock-in mice in which green fluorescent protein was expressed as a soluble 
cytosolic protein. This study demonstrated that contact area measurements are 
dependent on the separation distance between points on the cell surface and the 
underlying substrate. At a separation distance of z < 100 nm, they reported 
significantly greater contact area measurements (~12 m
2
) for neutrophils rolling at 
higher shear stresses (6 – 8 dynes/cm
2
). It should be noted, however, that this 
technique requires fluorescent labeling of cells as well as a microscope set up to 
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perform total internal reflective fluorescence microscopy. In addition, the 
neutrophils used in this study all came from mice. They did not report similar 
measurements for human neutrophils.     
As a simple alternative to qDF, we employed RICM to observe in real time 
the footprints of rolling human neutrophils and P-selectin coated glass substrates. 
This has been previously employed by Reininger et al to visualize discrete adhesion 
points (DAPs) between platelets and vWF coated substrates and the deposition of 
platelet membrane microparticles[201]. Previous studies have also used this 
technique to visualize the footprints of stationary, spreading or settling leukocytes. 
As illustrated in Figure 5, RICM imaged the neutrophil footprint as a contrast 
pattern where pixel intensity was based on the separation distance between the point 
on the cell surface and the substrate. By thresholding the RICM images according to 
specific z values, we observed that neutrophils rolling under low shear stress (1 
dyne/cm
2
) adhered to the substrate in distinct points at z < 50 nm. Conversely, 
contact areas at multiple separation distances were significantly increased at 
elevated shear stress (8 dynes/cm
2
, see Fig. 7). For example, at a separation distance 
of z < 100 nm, we report contact areas ranging from 8 – 12 m
2
 at 1 dyne/cm
2
 and 
15 – 25 m
2
 at 8 dynes/cm
2
. Although these values are slightly higher than the 
average value reported by Sundd et al (~12 m
2
 at 6 dynes/cm
2
, z < 100 nm), this 




The qDF technique has been used to measure cell footprints at 6 and 8 
dynes/cm
2
 [236], but it was not tested at lower shear stresses even though 
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simulations by Pospiezsalska and Ley[192] predicted lower contact areas for cells 
rolling at 0.5 dynes/cm
2
 (~ 3 m
2
). Interestingly, our measurements are also similar 
to the calculated values reported by Firrell and Lipowsky (20 – 40 m
2
)[63] even 
though neutrophil footprints at high shear stress do not appear circular as they 
assumed. This study and others have also reported increased contact lengths at 
elevated shear stress[63, 132], which agrees with our results. Three-dimensional 
simulations of rolling leukocytes have also predicted that increased shear stress 
results in increased global cell shape deformation[101, 112], which may relate to 
increased contact area. 
We also demonstrate that contact area measurements are dependent on the 
separation distance chosen (Fig. 5c). Similarly, we show that the cumulative contact 
area averaged over time increases with increasing separation distance (Fig. 11). 
Additionally, we observed that a significant portion of the cell footprints were 
within 75 – 100 nm of the substrate, which agrees with the report by Sundd et 
al[236] that microvilli are typically at a distance of approximately 70 nm. Our plots 
of velocity against contact area also showed that increased rolling velocity 
corresponded to a decrease in footprint area (Figs. 8-9). Our calculations of the 
number of microvilli interacting with the substrate further elucidated a trend that 
appeared to agree with model data presented in a recent master’s thesis[19]. We also 
predicted an increase in the number of microvilli with increasing shear stress, which 
is in agreement with published models of leukocyte rolling[111, 193]. However, our 
microvilli numbers are significantly greater than those suggested by these models 
and the results reported by Sundd et al using qDF[236]. This may be explained by 
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our significantly greater P-selectin site density or our assumption that the entire 
contact area is populated by microvilli. In other words, it is possible that a large 
contact area cluster may contain fewer microvilli than what we calculate or that 
contact area spots smaller than the area of a single microvillus tip may not 
correspond to actual microvilli. 
In addition to neutrophil contact areas, RICM allowed for the visualization 
of membrane tether extrusion, which occurred through distinct adhesion points (see 
Fig. 12). As the neutrophil translocated downstream and the membrane tether 
elongated, the location and number of DAPs was dynamic.  An additional advantage 
of the RICM technique was that it demonstrated that membrane tethers often have 
multiple contact points with the underlying surface confirming earlier reports by 
other imaging methods[219] and the recent report of Sundd et al[236]. While most 
membrane tethers released from the substrate and retracted back to the cell body, we 
observed the breakage of membrane tethers on rare occasions under high shear 
stress (> 4 dynes/cm
2
) which resulted in the deposition of microparticles (length < 1 
m) and microfragments (length > 1 m). Although less than 10% of cells were 
observed depositing a microparticle or microfragment, further study could clarify 
whether this tether breakage could be a physiologically relevant mechanism for the 
deposition of cellular membrane pieces which have been previously visualized 
during in vitro and in vivo rolling. 
The frequencies of membrane tether formation that we report here (Fig. 14) 
are lower than those reported by previous observations. Imaging membrane tether 
formation and subsequent microparticle/microfragment deposition under dynamic 
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conditions is difficult due to the fact that the radius of membrane tethers (40 – 200 
nm)[45, 223, 250] is at or below the resolution limit of optical microscopes. 
Furthermore during tether formation by a rolling cell, the angle between the tether 
attachment point with the underlying surface and the cell body is constantly 
changing, and makes simultaneous imaging of both attachment points challenging 
even with high resolution imaging techniques (e.g. DIC microscopy). This imaging 
challenge is even more difficult in vivo, where intravital microscopy is typically 
performed with lower power objectives. 
Recent studies have reported that leukocyte deformation[231], PSGL-1/P-
selectin dissociation kinetics[36], and PSGL-1/L-selectin dissociation kinetics[260] 
were a function of wall shear stress or the force applied to the bond or cell. In 
contrast PSGL-1/P-selectin bond formation[36] was shown to be dependent on shear 
rate or the time available for receptor-ligand bonding. To distinguish whether 
contact area and membrane tether formation were shear-rate or shear-stress 
dependent, we performed experiments in which wall shear rate was varied 
independently of wall shear rate by suspending neutrophils in media of different 
viscosities.  As shown in Figure 15, contact area and membrane tether formation 
were dependent on the force or shear stress applied. The observation that the 
frequency of neutrophil membrane tether formation increases with shear stress 
agrees with our previous results[197] obtained by a different microscopic imaging 
technique and extends the range of shear stresses (1-20 dynes/cm
2
) over which 
neutrophil membrane tethers are formed during rolling. Additionally, our contact 
area measurements reveal a plateau in the overall footprint area for neutrophils 
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rolling at 10 – 20 dynes/cm
2
. This agrees with previous theoretical predictions[132] 
as well as calculations made from contact length measurements combined with the 
circular contact area assumption[63]. 
In summary, we have demonstrated that RICM can be used as a low cost 
alternative to quantitative dynamic footprinting to visualize the underlying 
footprints of neutrophils during rolling on P-selectin coated substrates. These 
footprints reveal that contact area measurements depend on setting a separation 
distance between the cell and substrate similar to quantitative dynamic footprinting. 
We also report the imaging of membrane tether formation from distinct points of 
adhesion as well as the occasional breakage of these tether structures, resulting in 
microparticle or microfragment deposition. Additionally, we show the effects of 
shear stress and shear rate on contact area and membrane tether formation. Further 
studies using RICM to observe neutrophil rolling will continue to elucidate the roles 
of neutrophil contacts, cell deformation and membrane tethers. 
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CHAPTER 3: The Effect of Ligand Density and Ligand Type on Neutrophil 




Leukocytes adhere to activated endothelial cells and platelets during 
inflammation and thrombosis through molecular interactions between selectins and 
their respective ligands [136, 151]. The selectins are P-selectin expressed on 
platelets [153] and endothelial cells [152], E-selectin expressed on endothelial cells 
[14] and L-selectin expressed on leukocyte microvilli [238]. Leukocytes also 
express P-selectin glycoprotein ligand-1 (PSGL-1) on their microvilli, which is the 
primary ligand for the selectins [162]. Typically these selectin-ligand interactions 
dissociate rapidly as a result of shear force applied from hemodynamic flow [5, 36]. 
Leukocytes employ various mechanisms for countering force-induced cell 
detachment, which relate to cell deformation [63, 132, 230, 239, 259], the 
viscoelasticity of the plasma membrane [61, 74, 175, 202] and the pliable nature of 
microvilli [182, 219, 223-224]. Yago et al demonstrated that cell deformability 
allows neutrophils to roll on selectin coated surfaces at shear stresses as high as 30 
dynes/cm
2
 [259]. Shao and Hochmuth also showed that microvilli are deformable 
and can stretch to form cylindrical structures called membrane tethers [223]. 
Although they suggested that membrane tethers could play a role in neutrophil 
rolling adhesion, Schmidtke and Diamond reported the first direct observation of 
membrane tethers which were extracted from neutrophils during adhesive 
interactions with immobilized platelets or rolling on P-selectin coated surfaces 
under physiological shear conditions [219]. The phenomenon of membrane tether 




Figure 16: Schematic of the forces involved in membrane tether formation 
Membrane tether structures appear to play an important role in leukocyte 
rolling, in that they help to stabilize rolling velocity over a wide range of shear 
stresses [182, 197]. Membrane tethers decrease the point force applied to selectin-
ligand bonds by increasing the lever arm which relates the tether force to the 
hydrodynamic drag force (Fig. 16)[35]. Several groups have estimated the critical 
force required to form a membrane tether to be approximately 45 pN [147, 223], 
suggesting that the extraction of a membrane tether occurs when the plasma 
membrane separates from the cytoskeleton when a point force is applied [147]. 
Recently, a series of articles examined the unbinding of the membrane from the 
cytoskeleton and demonstrated the force required for this event varies with the 
pulling rate [56, 95, 115]. Numerical simulations presented by King et al suggested 
that membrane tether extraction during rolling occurs when this unbinding force is 
exceeded by the selectin-ligand binding force [115].  
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A significant parameter in determining whether this unbinding force will be 
exceeded is the number of selectin sites available for binding. The dependence of 
neutrophil rolling velocity on selectin site density has been well established with 
inverse correlations between ligand density and rolling velocity having been 
reported for all three selectins [2, 129-131, 184]. P-selectin/ligand kinetics 
experiments performed by Alon et al have even suggested that neutrophils could 
interact with multiple selectin molecules at a site density of 15 P-selectin 
molecules/m
2
 [5]. Computational studies of neutrophil rolling on P-selectin have 
also suggested that decreased rolling velocity correlates with an increase in ligand 
density [25, 91, 186]. The influence of ligand density on neutrophil rolling velocity 
suggests that it may also play a role in membrane tether formation. 
In addition to ligand density, another factor that may affect membrane tether 
formation is the type of ligand presented. Table 3 shows that previous studies have 
investigated tether extraction through interactions between PSGL-1 and P-selectin, 
antibodies to various neutrophil ligands and neutrophil interactions with 
immobilized platelets or neutrophils. Girdhar and Shao also reported simultaneous 
tether extraction from neutrophils and endothelial cells using the micropipette 
aspiration technique with a neutrophil as the force transducer[84]. While it is 
possible that interactions between neutrophil PSGL-1 and endothelial cell E-selectin 
were involved in this tether extraction, little is known about neutrophil membrane 
tether formation during rolling on E-selectin coated surfaces. E-selectin is 
significant to neutrophil rolling on endothelial layers in that stimulated endothelial 
cells express E-selectin at a significantly higher site density than P-selectin [221]. 
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Furthermore, previous studies have demonstrated that leukocytes can roll on E-
selectin in the absence of PSGL-1[258, 262], which suggests that other neutrophil 
ligands may be able to mediate rolling on E-selectin. 
In this study, we use in vitro parallel-plate flow chamber assays to 
investigate the effects of ligand density on neutrophil membrane tether formation 
and lifetimes. We demonstrate that increasing the density of selectin molecules 
available for binding affects neutrophil rolling by increasing membrane tether 
lifetimes. Additionally, we report the direct observation and characterization of 
membrane tether formation on E-selectin coated surfaces and show through the use 
of a blocking mAb to PSGL-1 that other cell surface ligands to E-selectin can 
mediate membrane tether extraction. These studies are significant in that they 
provide a better understanding of the roles that ligand density and ligand type play 






























Evans 2005 BFP P-selectin constant 
Heinrich 2005 BFP P-selectin constant 
Marcus 2002 micropipette anti-CD18 constant 
Shao 1996 micropipette 
anti-PSGL-1/anti-L-selectin/ 
anti-CD45/anti-CD18 constant 
Shao 1998 micropipette 
anti-PSGL-1/anti-L-selectin/ 
anti-CD45/anti-CD18 constant 
Edmondson 2005 bead collision P-selectin constant 
Furlow 2011 
bead 
collision/PPFC P-selectin/ICAM-1 constant 
Oh 2008 
bead 
collision/PPFC P-selectin/Endothelial Cells constant 
Diamond 2000 
neutrophil 
collision L-selectin N/A 
Kadash 2004 
neutrophil 
collision L-selectin N/A 
Sundd 2010 PPFC P-selectin constant 
Schmidtke 2000 
platelet 
collision/PPFC P-selectin constant 
Park 2002 PPFC P-selectin constant 
Ramachandran 
2004 PPFC P-selectin constant 
Williams 2003 PPFC E-selectin constant 
this work PPFC P-selectin/E-selectin varied 
    *BFP = biomembrane force probe 






Antibodies and Reagents 
Human P-selectin isolated from platelet membranes (mP-selectin) and anti-PSGL-1 
mAb PL1 were kindly provided by Dr. Rodger McEver (Oklahoma Medical 
Research Foundation, Oklahoma City, OK). Recombinant human (rh) P- and E-
selectin were purchased from R&D Systems. These constructs consist of the 
extracellular domain of the selectin linked to the Fc region of human IgG1 (Fig. 17) 
and exist as disulfide linked homodimers while mP-selectin can form 
multimers[246]. Human serum albumin (HSA) was purchased from Gemini Bio-
Products. 
 
Figure 17: Schematic of mP-selectin and rhP- and E-selectin Fc chimeras 
 
Human Neutrophil Isolation 
Venous human blood was obtained by venipuncture from healthy donors after 
informed consent was given and anti-coagulated with sodium heparin. Neutrophils 
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were isolated according to the lympholyte protocol in Appendix B. Briefly, whole 
blood was layered on top of a cell separation medium (Lympholyte-poly, Cedar 
Lane Laboratories) and spun at 400g for 30 minutes. The resulting granulocyte layer 





. RBCs that were removed with the neutrophils were lysed with 0.2% and 
1.6% sodium chloride solutions. Remaining neutrophils were washed three times in 
HBSS supplemented with 0.5% HSA. Cells were suspended in this same buffer at a 
final concentration of 5*10
5
 cells/mL which was verified by a manual 
hemocytometer set (Hausser Scientific). For PSGL-1 blocking experiments, isolated 
neutrophils were incubated with 20 g/mL anti-PSGL-1 mAb PL1 in 0.5% 
HSA/HBSS for 30 minutes prior to use. 
 
Substrates 
P- and E-selectin were diluted with HBSS to the desired concentrations. Fisherbrand 
45 x 50 mm glass cover slips were cleaned with 20% nitric acid and incubated with 
a solution of 1% Aquasil (Thermo Scientific) to provide a uniform hydrophobic 
surface. Aquasil treated cover slips were incubated with a 25 L drop of protein 
solution for 3 h and then  washed and incubated with 0.5% HSA/HBSS for 30 
minutes to block non-specific binding.  
 
Parallel Plate Flow Assay 
Parallel plate flow chambers were assembled by adhering a Glycotech flow deck 
with a single channel gasket (5000 x 250 m, W x H) to P- and E-selectin coated 
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substrates. Wall shear rate was calculated using the analytical solution of the 
Navier-Stokes equation for flow in a rectangular channel: w = 6Q/H
2
W, where Q is 
the flow rate in L/min and H and W are the height and width of the channel, 
respectively. Isolated human neutrophil suspensions were introduced at a high flow 
rate and then stopped for 1 minute to allow cells time to settle. Flow was then 
restarted at 50 s
-1
 for 30 s to allow cells to accumulate before increasing to the 
desired shear rate. Rolling interactions of individual cells were observed using a 
Zeiss 200A inverted microscope with a 63X (NA 1.40) Plan-Apochromat oil 
immersion objective. Observations were recorded to VHS tapes using a CCD 




Video segments of rolling cells observed with DIC microscopy were digitized using 
Metamorph 7.5 (Molecular Devices). Instantaneous rolling velocities of cells were 
measured using frame-by-frame analysis with the Track Objects function in the 
Metamorph program. Membrane tether lengths were measured from DIC 




Elevated P-selectin concentration increases tether lifetime but not tether length. 
Neutrophils form membrane tethers during rolling on P-selectin when the 
selectin/ligand bond force overcomes the attachment strength between the plasma 
membrane and the cytoskeleton. To determine whether an increase in P-selectin 
concentration would influence membrane tether formation, we observed at least 50 
rolling neutrophils with DIC microscopy on substrates coated with P-selectin 
concentrations ranging from 0.5 – 3.0 g/mL. Figure 18A shows a significant 
decrease in average rolling velocity with increasing P-selectin concentration at 
multiple shear stresses ( = 1 and 2 dynes/cm
2
). To determine whether this decrease 
in rolling velocity correlated with increased tether formation we measured the 
percentage of cells observed forming at least one membrane tether for each P-
selectin concentration (Fig. 18B). At a wall shear stress of 1 dyne/cm
2
, 50% of cells 
formed at least one membrane tether on 0.5 g/mL P-selectin compared to 63% of 
cells on 3.0 g/mL P-selectin. When the shear stress was increased to 2 dynes/cm
2
, 
however, 85 – 100% of the cells observed pulled membrane tethers on P-selectin 
concentrations from 0.5 – 3.0 g/mL. 
To further characterize the effects of P-selectin concentration on the 
membrane tethers formed, we measured the lengths and lifetimes of membrane 
tethers on each P-selectin concentration. Figure 18C shows that average tether 
length was unaffected by differences in P-selectin concentration with no clear trends 
observed. Indeed, average tether length varied from 2.2 m (1.5 g/mL P-selectin) 
to 2.8 m (0.75 g/mL P-selectin) at 1 dyne/cm
2




Figure 18: Human neutrophils were perfused over glass substrates incubated with 
various concentrations of P-selectin at wall shear stresses of 1 and 2 dynes/cm
2
. 
Rolling velocity(A) and the percentage of cells that pulled at least one membrane 
tether(B) varied with both P-selectin concentration and wall shear stress. For those 
cells that exhibited membrane tether formation, tether length was only affected by 
wall shear stress(C) while tether lifetime(D) and the percent time with tethers(E) 
were affected by wall shear stress and P-selectin concentration. 
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with increased wall shear stress, ranging from 3.1 m (1.5 g/mL P-selectin) to 3.6 
m (3.0 g/mL P-selectin) when shear stress was increased to 2 dynes/cm
2
. Varying 
P-selectin concentration did significantly impact the average lifetime of membrane 
tethers (Fig. 18D). Membrane tethers formed during rolling on 0.5 g/mL P-selectin 
lasted for an average of 2.9 seconds at 1 dyne/cm
2
. Increasing the P-selectin 
concentration to 3.0 g/mL resulted in a 38% increase in tether lifetime to 4.0 
seconds. As expected, increasing wall shear stress resulted in an overall decrease in 
the average tether lifetime, however a similar increase in tether lifetime was 
observed with increasing P-selectin concentration. At 2 dynes/cm
2
, the average 
tether lifetime more than doubled from 0.7 seconds (0.5 g/mL) to 1.9 seconds (3.0 
g/mL).  
We also measured the percentage of time during rolling that at least one 
membrane tether was present (Fig. 18E). At 1 dyne/cm
2
, there was a slight increase 
in the percentage of time with tethers from 0.5 to 0.75 g/mL P-selectin. However, 
there was no significant change at concentrations greater than 0.75 g/mL. When 
shear stress was increased to 2 dynes/cm
2
, the percent time with tethers increased 
from 28% at 0.5 g/mL to 48% at 3.0 g/mL. These data demonstrate that an 
increase in P-selectin concentration results in an increase in tether lifetime but not 
tether length. 
 
Membrane tethers stabilize rolling on high P-selectin concentrations but grow at 
slower rates. Previously, Ramachandran et al demonstrated that membrane tethers 




Figure 19: The correlation between the presence of membrane tethers and slower 
rolling was quantified by measuring the average rolling velocity and velocity 
variance of neutrophils in the presence and absence of tethers. Cells were perfused 
at wall shear stresses of 1 dyne/cm
2




conditions[197]. Increasing P-selectin concentration also stabilizes rolling 
velocities. To determine whether an increase in P-selectin concentration correlates 
with velocity stabilization by membrane tethers, we calculated average rolling 
velocities of fifty neutrophils on each P-selectin concentration in the presence and 
absence of membrane tethers at wall shear stresses of 1 and 2 dyn/cm
2
 (Fig. 19). On 




Figure 20: Frame-by-frame analysis was used to measure the instantaneous lengths 
of 30 tethers formed during rolling on P-selectin concentrations of (A)0.50, (B)0.75, 
(C)1.50 and (D)3.00 mg/mL. The instantaneous lengths were plotted as a function 
of time to illustrate tether growth rate, which decreases with increasing P-selectin 
concentration(E). 
 
one membrane tether was significantly lower than the average velocity in the 
absence of membrane tethers. Although an overall trend was observed where 
decreasing velocity correlated with increasing P-selectin concentration, the presence 
of membrane tethers always resulted in a significant velocity decrease. Indeed, 
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neutrophils rolling on 0.5 g/mL P-selectin saw an average velocity decrease of 
73% in the presence of membrane tethers, while the average rolling velocity of 
neutrophils on 3.0 g/mL P-selectin was decreased by 62%. Furthermore, we 
calculated the average variance of rolling velocity in the presence and absence of 
tethers (Fig. 19). Again, an overall decrease in variance was observed with 
increasing P-selectin concentration. However, on all concentrations a significant 
drop in variance correlated with the presence of membrane tethers. 
 We observed a slight decrease in neutrophil rolling velocity in the presence 
of membrane tethers when P-selectin concentration was increased. To better 
quantify the decreasing velocity even in the presence of membrane tethers, we 
measured the instantaneous lengths of membrane tethers formed on each of the P-
selectin concentrations at a wall shear stress of 2 dyn/cm
2
. These instantaneous 
lengths were plotted against time to illustrate the relationship between tether growth 
rate and P-selectin concentration (Fig. 20A-D). Although we observed a wide range 
of tether growth rates for each P-selectin concentration, there appeared to be a 
general trend where tethers grew more slowly on higher P-selectin coating 
concentrations. A plot of the average tether length for time points from 0 – 0.5 s for 
each of the P-selectin concentrations (Fig. 20E) showed that increasing P-selectin 
coating concentration led to a decrease in tether growth rates. These data 
demonstrate that membrane tethers can further stabilize rolling velocities on high P-
selectin concentrations, even though they elongate slower than tethers formed on 





Figure 21: Instantaneous rolling velocities were measured for individual neutrophils 
rolling on glass substrates incubated with 0.5 g/mL of (A) P-selectin, (B) rhP-
selectin and (C) rhE-selectin. Cells were perfused at a wall shear stress of 2 
dynes/cm
2
. The highlighted portions of each plot indicate the presence of a 
membrane tether. 
 
Membrane tether lengths and lifetimes are unchanged on a P-selectin-Fc chimera. 
To investigate the effects of ligand type on tether formation and retraction, we 
perfused isolated neutrophils over surfaces coated with P-selectin isolated from 
platelet membranes (mP-selectin) and a recombinant human P-selectin-Fc chimera 
(rhP-selectin) (see Fig. 17). Figure 21 shows the instantaneous velocity profiles of 
individual neutrophils rolling on mP- and rhP-selectin (0.5 g/mL). When perfused 
68 
 
at a shear stress of 2 dynes/cm
2
, we observed similar neutrophil rolling velocity 
profiles on both types of P-selectin. Interestingly,  neutrophils rolling on rhP-
selectin appeared to extrude fewer membrane tethers than neutrophils on mP-
selectin even though tether lifetimes appeared to be unchanged. 
We performed a further investigation on neutrophil rolling and tether 
formation on mP- and rhP-selectin by calculating the average rolling velocities and 
tether properties of fifty neutrophils (Fig. 22). For P-selectin concentrations of 0.50 
and 0.75 g/mL, we found slightly higher rolling velocities on mP-selectin 
compared to rhP-selectin. At concentrations greater than 1.5 g/mL, however, the 
average velocity on rhP-selectin was significantly greater than mP-selectin (Fig. 
22A). Membrane tethers formed during rolling grew to lengths between 3 – 3.5 m 
on both types of P-selectin (Fig. 22B). Tether lifetimes on rhP-selectin were also 
similar to mP-selectin, ranging from 0.9 – 1.6 s for the P-selectin concentrations 
tested (Fig. 22C). Interestingly, we observed a significant change in the percentage 
of time that tethers were present. Compared to mP-selectin (28 – 48%), membrane 
tethers were present only 12 – 21% of the time during rolling on rhP-selectin (Fig. 
22D). To better understand this change, we calculated the frequency of tether 
formation as the number of membrane tethers that formed in a 9 second period. For 
mP-selectin, neutrophils formed 0.49 tethers/second on 0.50 g/mL which 
decreased to 0.29 tethers/second on 3.00 mg/mL (Fig. 22E). On rhP-selectin, the 
tether formation frequency increased from 0.13 to 0.22 tethers/second when 
concentration increased from 0.50 to 0.75 g/mL. From there, tether formation 




Figure 22: (A)Average rolling velocities were higher on mP-selectin at low 
concentrations. However, at higher concentrations rolling was slower on mP-
selecitn. These differences in rolling velocity were not the result of any significant 
change in membrane tether length(B) or lifetime(C). The percentage of time that 




the main difference between P-selectin isolated from platelets and recombinant P-
selectin chimera is the frequency of tether formation.  
 
Membrane tether lengths are unchanged on rhE-selectin but lifetimes are 
significantly longer compared to rhP-selectin. We observed that neutrophils 
exhibited significantly lower rolling velocities and fewer, less intense velocity 
spikes on rhE-selectin compared to rhP-selectin (Fig. 21). Simultaneously we 
observed that membrane tethers formed during rolling on rhE-selectin lasted 
significantly longer than tethers formed on either type of P-selectin. To quantify the 
differences between rolling on rhP- and rhE-selectin, we calculated the average 
velocities and tether properties of 50 neutrophils on each ligand. Figure 23A shows 
that neutrophils rolled significantly lower on rhE-selectin coated surfaces (2.1 – 1.3 
m/s) compared to rhP-selectin (13.7 – 6.0 m/s) at low and high concentration 
levels (0.5 – 3.0 g/mL). Similar to varying concentrations of rhP-selectin, mean 
tether length did not change significantly with rhE-selectin concentration (Fig. 23B). 
Mean tether lifetime on rhE-selectin coated surfaces increased by 38% (2.9 – 
4.0 seconds) with increasing concentration (Fig. 23C). These lifetime values were 
significantly greater than the tether lifetimes measured on rhP-selectin (0.7 – 1.7 
seconds) and correlated with the significant decrease in rolling velocity. The longer 
tether lifetimes on rhE-selectin coated surfaces paralleled with an increase in the 
percent time that membrane tethers were present (Fig. 23D). Interestingly, the 
percent time with tethers on rhP-selectin surfaces increased with increasing 




Figure 23: Human neutrophils were perfused over glass substrates incubated with 
various concentrations of Fc-conjugated recombinant P-selectin (rhP-selectin) and 
Fc-conjugated recombinant E-selectin (rhE-selectin). Rolling velocity was 
significantly decreased on rhE-selectin(A), which correlated with a significant 
increase in tether lifetime(C). Tether length remained relatively unchanged 
regardless of ligand type or coating concentration(B). Cells rolling on E-selectin 
exhibited lower tether frequencies than on P-selectin(D), however percent time with 
tethers present was increased(E) which can likely be attributed to the significant 
increase in tether lifetime. 
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surfaces did not vary much with concentration (25 – 30%). Similarly, Fig. 23E 
shows that membrane tether formation frequencies were relatively unchanged with 
regard to rhE-selectin concentration (0.08 – 0.10 tethers/second). These values were 
significantly lower than the frequencies on rhP-selectin for all ligand concentrations 
except 0.50 g/mL. These data provide evidence that there are significant 
differences in tether lifetime but not length for similar concentrations of rhP- and 
rhE-selectin. 
 
Membrane Tethers Formed During Rolling on rhE-selectin Last Longer Compared 
to rhP-selectin at Equivalent Rolling Velocities. To further investigate whether the 
significant increases in membrane tether lifetime on rhE-selectin were related solely 
to the decrease in rolling velocity, we decreased the coating concentration of rhE-
selectin until the average neutrophil rolling velocity was equivalent to values 
obtained for 3.00 mg/mL rhP-selectin. At a coating concentration of 0.10 mg/mL 
rhE-selectin, we measured the average rolling velocity of 30 neutrophils at 3.2 mm/s 
compared to 3.7 mm/s on 3.00 mg/mL rhP-selectin (Fig. 24). Although the average 
rolling velocity on rhP-selectin was slightly higher, statistical analysis showed this 
difference was not significant. Measurements of tether length revealed that 
membrane tethers on average grew to lengths of 3.5 and 3.7 mm on rhP- and rhE-
selectin, respectively (Fig. 24). However, membrane tethers continued to remain 
attached to the substrate for significantly longer periods of time on rhE-selectin. 
Indeed, membrane tethers lasted an average of 2.6 s on 0.10 mg/mL rhE-selectin 




Figure 24: Neutrophils rolled with equivalent velocities on separate substrates 
coated with 3.00 g/mL rhP-selectin and 0.10 g/mL rhE-selectin. While tether 
lengths continued to be unaffected by protein coating concentration, tether lifetimes 
remained significantly longer on rhE-selectin. 
 
that increased membrane tether lifetimes on rhE-selectin are not solely the result of 
decreased rolling velocity. 
 
Multiple leukocyte ligands mediate membrane tether formation on E-selectin. 
Although PSGL-1 appears to be the only physiologically relevant ligand to 
influence neutrophil rolling on P-selectin, recent studies have suggested that 
multiple ligands may be involved in rolling on E-selectin[258, 262]. However, no 
studies have investigated whether these additional ligands can mediate membrane 
tether formation during rolling. To investigate whether ligands distinct from PSGL-
1 could mediate tether formation we incubated neutrophils with PL1, a blocking 
mAb to PSGL-1. We investigated PL1-treated and untreated neutrophil rolling on 
0.5 g/mL rhP- and rhE-selectin coated substrates. As expected, neutrophil rolling 






Figure 25: Human neutrophils were incubated with anti-PSGL-1 mAb PL1, a 
blocking antibody to PSGL-1. PL1-treated and untreated neutrophils were perfused 
over substrates coated with 0.5 g/mL rhE-selectin. At a wall shear stress of 2 
dynes/cm
2
 there was no significant change in (A)rolling velocity, (B)tether length or 
(C)tether lifetime. As a result, the percentage of time that tethers were present was 
also relatively unaffected by PL1 treatment(D). 
 
P-selectin was functional, untreated neutrophils were perfused over the same 
substrate with no change in rolling velocity or tether properties.  
However, Figure 25A shows that neutrophil rolling velocities on rhE-
selectin were relatively unchanged following PL1 incubation. Figure 25B shows 
that membrane tethers pulled by PL1-treated cells grew to approximately 3 m,  
which was only slightly longer than tethers formed by untreated cells (2.7 m). 
PL1-treatment of neutrophils did lead to a slight decrease in tether lifetimes from 
2.6 – 2.3 seconds (Fig. 25C). Further analysis showed that this decrease was not 
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statistically significant. Similarly, there was only a slight decrease in the percentage 
of time that tethers were present (Fig. 25D). These data suggest that leukocyte 





In this study, we demonstrate that increasing the concentration of P-selectin 
used to coat glass substrates for in vitro neutrophil rolling experiments increases the 
lifetimes of membrane tethers but does not affect membrane tether length. A 
comparison of membrane tethers formed on P-selectin isolated from platelet 
membranes and a recombinant human P-selectin-Fc chimera revealed no significant 
differences in tether length or lifetime for similar coating concentrations. We also 
report the direct observation of neutrophil membrane tether formation during rolling 
on E-selectin coated surfaces and show that slower rolling on E-selectin corresponds 
to an increase in membrane tether lifetimes. These results are significant for four 
reasons: (i)we demonstrate that ligand density, in addition to shear stress, plays a 
role in membrane tether formation, (ii)we compare membrane tether formation on 
P-selectin isolated from different sources, (iii) we report the characterization of 
membrane tether formation on E-selectin coated surfaces and (iv)our PSGL-1 
blocking experiments support previous studies which suggested that multiple 
ligands mediate rolling on E-selectin[258, 262] and demonstrate that ligands other 
than PSGL-1 can mediate membrane tether formation. 
Previously, human neutrophils rolling on P-selectin coated surfaces have 
been shown to stabilize their rolling velocities through the extrusion of membrane 
tethers[197]. The formation of membrane tethers reduces the hydrodynamic force 
imposed on selectin-ligand bonds by lengthening the lever arm, thereby resulting in 
an increase in bond lifetimes[35]. However, leukocytes have also been shown to roll 
slower when a higher concentration of selectin ligand is available for binding[130-
77 
 
131, 184]. Several groups have also demonstrated that membrane tether formation 
occurs at a critical force[56, 147, 223], which during rolling is supplied by selectin-
ligand interactions. We investigated the influence of selectin concentration on 
membrane tethers by observing neutrophil rolling on substrates coated with varying 
P-selectin concentrations (0.5 – 3.0 g/mL). Our rolling velocity measurements 
decreased significantly with increasing P-selectin concentration, which agreed with 
a previous report by Lawrence and Springer. These results suggested that an 
increase in P-selectin coating concentration increased the number of P-selectin sites 
available for binding. Of the rolling cells we observed at 2 dynes/cm
2
, nearly all 
cells formed at least one membrane tether during 15 seconds of observation. 
Similarly, Ramachandran et al reported that 100% of cells formed at least one 
membrane tether after 15 seconds of rolling at 2 dynes/cm
2
[197].  
In observing membrane tether formation, we found that P-selectin coating 
concentration had a profound impact on membrane tether lifetimes. While there was 
no significant difference between tether lifetimes on 0.50 and 0.75 g/mL P-
selectin, increasing P-selectin concentration beyond 0.75 g/mL resulted in 
significant increases in tether lifetime. Schmidtke and Diamond reported the 
observation of membrane tethers with branches along their lengths and suggested 
that this phenomenon may be indicative of tethers being multi-bonded to the 
surface[219]. Our tether lifetime measurements suggest that at higher P-selectin 
concentrations, a single membrane tether may interact with multiple P-selectin 
molecules along its length. Multiple selectin-ligand interactions points would mean 
that the hydrodynamic force applied to the tether is shared, thereby reducing the 
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force on a single bond pair and allowing the membrane tether to remain attached to 
the substrate for a longer period of time. The increase in tether lifetime was also 
confirmed by an increase in the percentage of time that membrane tethers were 
present. 
 Interestingly, membrane tether length did not significantly change with P-
selectin concentration. Although tethers lasted longer on substrates with higher P-
selectin concentrations, the average tether length never exceeded approximately 3.5 
m. The extrusion of a membrane tether has been shown to depend on the adhesion 
energy between the plasma membrane and the cytoskeleton[56, 147]. Once this 
crossover point is reached, excess plasma membrane feeds out from the cell body 
onto the tether. Raucher and Sheetz reported that membrane tethers pulled from 
fibroblasts could not be extended beyond a certain length unless the actin 
cytoskeleton was disrupted with cytochalasin[200]. Our tether length measurements 
also showed that normally only a finite amount of membrane was available to feed 
out onto the tether.  This suggests that membrane tether length is an inherent 
property of the membrane/cytoskeleton attachment energy and not the pulling force 
applied by selectin-ligand interactions.  
We also compared the average rolling velocities and velocity variances of 
cells in the presence and absence of membrane tethers. While Ramachandran et al 
reported that membrane tethers stabilize rolling velocities over a range of shear 
stresses[197], this study did not test multiple P-selectin coating concentrations. Our 
results indicate that membrane tethers stabilize rolling velocity on a wide range of 
P-selectin concentrations. On substrates coated with a low concentration of P-
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selectin (0.5 g/mL) we found that rolling velocities and velocity variances were 
significantly lower when a membrane tether was present. Similarly, there was also a 
statistically significant difference in average velocity and velocity variance when P-
selectin concentration was high (3 g/mL). This indicates that even when a high 
number of sites are available for binding, the reduction of force on selectin-ligand 
bonds by a membrane tether can still significantly impact rolling behavior. 
When comparing rolling velocities in the presence of a membrane tether on 
different P-selectin concentrations, we noted that there was a slight decrease in these 
velocities with increasing selectin concentration. This suggested that P-selectin 
concentration played a role in the growth rates of membrane tethers. In reporting the 
first direct observation of membrane tethers under flow, Schmidtke and Diamond 
observed tether growth rates between 1 – 6 m/s for leukocytes rolling on P-selectin 
coated surfaces at a wall shear rate of 150 s
-1 
[219]. Higher growth rates of 5 – 15 
m/s have been reported in studies involving collisions between leukocytes and P-
selectin coated microspheres[74, 175]. The growth rates we measured at 2 
dynes/cm
2
 (1.5 – 4.5 m/s) were in the same range as those reported by Schmidtke 
and Diamond. We also observed that tether lengths tended to be smaller at a 
particular time point on high P-selectin concentration while tethers grew to a longer 
length in a shorter period of time on low concentration. This suggests that P-selectin 
concentration influences tether growth through a force sharing mechanism. In other 
words, when there are more bonds formed during rolling the hydrodynamic force 
will be shared among a larger number of bonds resulting in less force applied to the 
membrane tether which results in a slower growth rate. Conversely, tethers formed 
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during rolling on low concentrations of P-selectin grow faster, thereby shielding 
bonds at the trailing edge of the cell and stabilizing rolling velocity. 
Although membrane tether formation from neutrophils alone plays a role in 
P-selectin mediated rolling, Girdhar and Shao demonstrated that tethers can be 
simultaneously extracted from leukocytes and endothelial cells[84]. Also, 
membrane tethers have been observed during neutrophil rolling on endothelial cell 
layers in vivo[232]. While previous reports have suggested that P-selectin is 
expressed on activated endothelial cells at a density of 25 - 50 molecules/m
2
[94], 
Setiadi and McEver reported that E-selectin was expressed on cytokine-activated 
HUVECs at a density of approximately 350 molecules/m
2
[221]. However, little is 
known about tether formation on E-selectin coated surfaces. The only known 
reference of tether formation on E-selectin coated surfaces was by a previous 
master’s student in Dr. Schmidtke’s group[257], however these results were not 
published. This study also did not look at ligand density and used a soluble E-
selectin instead of an E-selectin-Fc chimera. To determine whether membrane tether 
formation can be affected by the type of ligand present, we performed similar 
experiments with neutrophils on surfaces coated with recombinant human (rh) P- 
and E-selectin-Fc chimeras. Membrane tether lengths and lifetimes were relatively 
unchanged regardless of the type of P-selectin used (Fig. 22). Using DIC 
microscopy, we were able to directly observe the formation of membrane tethers 
during neutrophil rolling on E-selectin. Neutrophil rolling velocities were 
significantly lower on E-selectin compared to P-selectin for identical coating 
concentrations, which agreed with a previous report by Lawrence and 
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Springer[131]. The decreased rolling velocities on E-selectin correlated with a 
significant increase in membrane tether lifetime, however the percentage of time 
that tethers were present as well as the frequency of tether formation were lower 
than on P-selectin. 
Although the decreased rolling velocities and increased tether lifetimes we 
observed on E-selectin could partially owe to differences in ligand density following 
substrate incubation, it may also be explained by differences in E-selectin bond 
kinetics or the presence of other ligands to E-selectin on the neutrophil surface. 
Lawrence and Springer demonstrated that neutrophils roll slower on E-selectin 
compared to P-selectin at equal site densities[131]. More recently, Wayman et al 
observed that E-selectin/ligand bonds display a triphasic force dependence, 
transitioning from slip bond to catch bond kinetics at a shear stress of 0.3 dyn/cm
2
 
and then back to slip bond kinetics at a shear stress of 0.5 dyn/cm
2
[252]. In regard to 
the existence of multiple ligands to E-selectin, previous studies have shown that in 
the absence of PSGL-1 leukocytes are still able to adhere to and roll on E-selectin 
[258, 262]. Xia et al observed that leukocytes from PSGL-1 knockout mice were 
still able to roll on E-selectin coated surfaces, but they reported an 80% reduction in 
rolling on E-selectin in TNF--activated venules when P-selectin was blocked[258].  
Using decreased concentrations of rhE-selectin such that neutrophils rolled 
at velocities similar to those measured on rhP-selectin, we measured membrane 
tether lifetime on rhP- and rhE-selectin independent of rolling velocity. Even at 
equivalent rolling velocities, we noted that membrane tethers continued to last 
significantly longer on rhE-selectin (Fig. 24), suggesting a difference in bond 
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kinetics or the presence of additional cell surface ligands. In our investigation of E-
selectin ligands other than PSGL-1, we observed that incubating neutrophils with 
PL1, a blocking mAb to PSLG-1, did not significantly reduce rolling velocities or 
membrane tether length or lifetimes on E-selectin (Fig. 25). Xia et al also reported 
little difference in the rolling velocities of wild-type and PSGL-1 knockout 
leukocytes on E-selectin[258]. Conversely, PL1-incubated cells did not roll on 
substrates coated with the same concentration of P-selectin (0.5 g/mL). While this 
may be partially the result of a difference in site densities, the markedly contrasting 
behaviors of PL1-incubated cells on E- and P-selectin coated substrates suggests 
that leukocyte ligands to E-selectin aside from PSGL-1 are able to mediate 
membrane tether formation on E-selectin. The exact nature of these additional 
ligands and whether they mediate tether formation alone or in conjunction with 
PSGL-1 is still under investigation. 
In summary, our results demonstrate the important role of selectin-ligand 
interactions in membrane tether formation during neutrophil rolling. We have 
shown that increased selectin density significantly increases membrane tether 
lifetime while tether length is a property inherent to the cell membrane. We also 
report the characterization of membrane tether formation on E-selectin and 
demonstrate that there may be other ligands aside from PSGL-1 that mediate this 
phenomenon. These results are significant in that they: (i)demonstrate that factors 
other than shear stress can affect membrane tether properties, (ii)provide support to 
studies that have suggested that leukocytes express multiple ligands to E-selectin 
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and (iii)demonstrate the importance of attachments between the plasma membrane 
and the cytoskeleton to neutrophil rolling adhesion. 
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CHAPTER 4: Effects of Microfluidic Channel Geometry on Leukocyte Rolling 
Assays 
 
Leukocyte adhesion and rolling are important in many physiological 
processes and adverse cardiovascular events. These adhesive interactions are 
mediated by P- and E-selectin expressed on platelets and endothelial cells[14, 107] 
and their corresponding ligands (e.g. PSGL-1, L-selectin) expressed on leukocyte 
microvilli.[162, 238] Leukocyte rolling arises from a balance between the adhesive 
forces of these receptor-ligand interactions and the hydrodynamic fluid forces that 
cause cells to translocate downstream.[36, 130] 
Parallel plate flow assays have provided significant insight into the 
molecular and biophysical mechanisms of leukocyte rolling. By using flow 
chambers with specific geometric ratios (e.g. chamber width:chamber height), the 
shear stress and torque acting on a rolling cell can be easily calculated. Previous 
theoretical and experimental studies have demonstrated the effects of this ratio on 
the flow regime for macroscale dimensions.[41, 86, 241] Specifically, in chambers 
with a width:height ratio of 10:1, the flow can be approximated as unidirectional 
and independent of lateral position across a large percentage of the chamber 
width.[41] Chambers with this ratio, however, may require large volumes for even 
short perfusion times making them a drawback in assays where sample volume is 
severely limited. 
Microfluidic flow chambers have become increasingly popular over the last 
decade in cell adhesion assays due to the reduced amount of sample required.[22, 
39, 89-90, 118, 142, 172, 215, 227]. These devices have been used with many 
different cell types including endothelial cells[118], platelets[118, 172, 214], 
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fibroblasts[142], bacteria[122], and cancer cells.[213] As Table 4 demonstrates, 
microfluidic studies with leukocytes have emerged focusing on rolling behavior[40, 
52, 215-216], cell adhesion strength[89], migration during chemotaxis[103, 139] 
and cell sorting applications.[166, 208] It should be noted that there also have been 
recent reports of leukocyte rolling velocities utilizing glass microcapillary 
tubes.[123, 264] While some of these studies investigated leukemic cell rolling on 
various ligands[40, 52], only a few have reported neutrophil rolling velocity 
measurements on E-selectin[123, 215] or P-selectin.[123] Furthermore, the 
microfluidic devices used in these leukocyte studies encompassed a wide variety of 
dimensions. When designing microfluidic chambers for adhesion assays, a balance 
arises between the geometric effects on reduced sample volume and wall shear 
stress. For example we have previously demonstrated that in microfluidic devices 
with a width:height ratio of 4:1 the volume of blood needed is minimized, but that 
this aspect ratio results in sidewall effects and a non-uniform shear profile across the 
width of the channel.[214]  In contrast, an aspect ratio of 10:1 has a uniform shear 
profile but may require larger volumes of blood to achieve physiological levels of 
wall shear rate. 
A parameter that needs to be considered in microfluidic assays is the ratio of 
cell diameter (Dc) to chamber height (H). Previously Goldman, Cox and Brenner 
presented calculations for the drag force and torque acting on a rigid sphere in 
simple shear flow[87] when the chamber height is much greater than the cell 
diameter. In addition, Pozrikidis demonstrated theoretically that the simple shear 
assumption is  
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Table 4: Comparison of recent leukocyte studies using microfluidic devices 
Ref. 
H 









215 100 neutrophil 0.08 E-selectin** 2.0 20 3.7 - 4.5 
216 100 neutrophil 0.08 E-selectin** 2.0 60 0.0 - 8.0 
this 
work 
20 neutrophil 0.40 P-selectin 0.5 - 8.0 0.8 1.0 - 2.5 
 30  0.27   2.7 1.5 - 4.5 
 75  0.11   42 3.0 - 9.0 
 100  0.08   100 3.7 - 9.0 
 150  0.05   340 3.5 - 8.0 
 250  0.03   3125 3.0 - 7.5 
40 145 KG-1a 0.10 hyaluronan 0.0 - 5.0 315 2.0 -15.0 
52 30 HL60 0.40 P-selectin 0.3 - 2.2 10.8 N/A 
166 57 Raji/Molt-3 0.26 
anti-CD5/  -
CD19 
5.0 – 15.0 N/A N/A 
89 35 neutrophil 0.23 fibrinogen 0.7 - 5.0 N/A N/A 
103 45 neutrophil N/A 
E-selectin/ 
ICAM-1 
< 0.1 N/A N/A 




N/A none >100 N/A N/A 
*Volume = amount of sample required based on 5 min perfusion at 2 dynes/cm
2 
 
**Expressed by transfected L-cells (mouse fibroblast) cultured in device 
***ALL = acute lymphoid leukemic cells, AML = acute myeloid leukemic cells 
 
only valid for adherent cells when the ratio of cell diameter to chamber height 
(Dc/H) is less than 0.1.[194] Typical parallel-plate flow chambers have heights 
anywhere between 100 and 250m, and thus for adhesion studies involving 
leukocytes (D = 8 - 10 m) a Dc/H ratio of 0.1 or less is normally present.  Previous 
microfluidic studies that have studied the rolling behavior of  neutrophils[215] or 
leukemic cells[40] have employed Dc/H ratios of 0.1 (Table 4). However, the 
diameter of a postcapillary venule, where leukocyte rolling typically occurs, may be 
only about three to four times the diameter of a leukocyte[88] and thus the Dc/H 
ratio is greater than 0.1. Furthermore, in these vessels, a minimal number of 
adherent leukocytes can significantly increase flow resistance.[53, 97] Theoretical 
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studies modeling cells as rigid spheres[21, 30-32], hemispherical bulges on 
microchannel walls[77, 194] and viscoelastic or elastic spheres[49, 111, 181] have 
demonstrated numerically that the drag coefficient increases with increasing flow 
occlusion or decreasing chamber height, which can be attributed to an increase in 
pressure drop across the cell surface.  
Recently, Khismatullin and Truskey computationally investigated the effect 
of channel height on leukocyte adhesion by three dimensional numerical simulations 
of rolling monocytes (Dc = 13 m).[111] In simulations at constant wall shear 
stress, it was observed that both the monocyte’s contact area with the underlying 
substrate as well as the contact time increased as the channel height was decreased 
from 80 m to 20 m which corresponds to changes in Dc/H from 0.16 to 0.65. 
They attributed these changes in contact time and area to changes in cell 
deformation. They did not, however, report the impact of channel height on 
leukocyte rolling velocities.  
We designed and fabricated microfluidic chambers that required perfusion 
rates as low as 40 nL/min. In comparison to previous reports with microfluidic 
devices or micron-sized glass capillary tubes [40, 52, 215], our smallest chambers 
require 13 – 390 times less perfusion volume (Table 4). Rolling velocity 
measurements in P-selectin coated microdevices revealed that neutrophils exhibit 
more stable rolling behavior in chambers with heights close to the diameter of 
postcapillary venules when compared to rolling in flow chambers with conventional 
heights. Numerical simulations of leukocyte rolling velocities show a similar trend 
with channel height. Rolling assays with fixed cells and PSGL-1 coated beads in the 
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devices suggest that the observed changes in rolling velocity are related to the 
ability of the neutrophils to deform. These results are important in the design of 
low-volume flow adhesion assays that maybe used as point-of care devices in 
developing countries, for basic biology studies with blood from knockout-mice, or 




Proteins and Reagents 
P-selectin purified from human platelet membranes was kindly provided by Dr. 
Rodger McEver (Oklahoma Medical Research Foundation, Oklahoma City, OK). 
Fc-conjugated human PSGL-1 was purchased from R&D Systems. Human serum 
albumin (HSA) solution was purchased from Gemini Bio-Products. 
 
Fabrication of Microfluidic Chambers 
Master templates for microfluidic chambers were fabricated through a standard 
negative photolithography process similar to that previously described.[171, 214] 
Glass microscope slides were cleaned with 20% HCl for 10 minutes, rinsed with 
distilled water and dried at 200
o
C for 10 minutes. Different photoresists were used 
to achieve the thickness necessary for each of the different chamber heights. The 
exact parameters for each photoresist layer thickness are given in Appendix C. 
KMPR resists were spun directly onto the slide surface, while SU-8 resists were 
preceded by a primer (Omnicoat; Microchem Corporation) which was spun for 30 s 
at 3000 rpm. Slides were exposed through chrome masks designed in AutoCAD and 
fabricated by Advance Reproductions. Unexposed photoresist was removed by 
sonication in SU-8 developer for 60 s. 
PDMS stamps were fabricated using Sylgard 184 Silicone Elastomer kits. The base 
and curing agent were mixed together in a 10:1 ratio and poured over the channel 
templates. An elbow outlet port (Small Parts) was placed at one end of the template 
and the mixture was cured at 100
o
C for 30 minutes. After curing, the hardened 
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PDMS was removed from the oven and cut out of the Petri dish. A reservoir was cut 
out at the end of the channel opposite the outlet port, and PDMS that had entered the 
outlet port and cured was bored out with a needle. Stamps were cleaned in 20% HCl 
and 70% ethanol, dried in an oven and sealed to clean glass cover slips pattern side 
down by treating both stamp and cover slip with a high voltage gun.[171]  
 
Flow Characterization in Microfluidic Chambers 
Experimental determination of the velocity profiles in the channels of different 
heights was accomplished by measuring the velocity of latex beads at several flow 
rates. Microfluidic chambers were incubated with a solution of 0.5% HSA in HBSS 
for 30 min to block non-specific interactions with the glass and PDMS surfaces. 
Polystyrene microspheres (D = 6 m; Polysciences) were washed three times with 
HBSS to remove surfactant and incubated for 30 minutes in the same HSA/HBSS 
solution. Microspheres were then perfused through the chambers at wall shear rates 
of 25, 50, 100 and 200 s
-1
 calculated at the bottom wall of the channel. Perfusion 
was observed with a Zeiss Axiovert 200 inverted microscope at 10X magnification 
and recorded to VHS tapes at 30 frames per second using a Daige MTI camera and a 
Sony S-VHS videocassette recorder. 15 s video segments of microsphere perfusion 
were digitized and the velocities of free-flowing microspheres in the same focal 
plane as the bottom wall of the chamber were determined using Metamorph version 





PSGL-1 Coated Beads  
Polystyrene microspheres were washed as described above to remove surfactant. 
Microspheres were then incubated with Fc-conjugated Human P-selectin-
glycoprotein-ligand-1 (PSGL-1; R&D Systems) at a concentration of 200 g/mL in 
HBSS without HSA for 45 minutes with gentle agitation. Following protein 
incubation, microspheres were washed three times with a 0.5% HSA/HBSS solution 
to prevent non-specific binding. Microspheres were then diluted in HSA/HBSS to a 
concentration of 2.5*10
5
 microspheres/mL for rolling experiments. The presence of 
PSGL-1 adsorbed onto the microspheres was confirmed by flow cytometry with 
mouse-anti-PSGL-1 mAb PL1 and a FITC-conjugated goat-anti-mouse secondary 
antibody (data not shown). 
 
Neutrophil Isolation 
Human blood was obtained from healthy donors by venipuncture and anticoagulated 
with sodium heparin. Whole blood was layered on top of a cell separation medium 
(Lympholyte-poly, Cedarlane Laboratories) and spun at 400 g for 30 minutes. The 





 (HBSS, GIBCO Laboratories) supplemented with 
0.5% HSA. Remaining erythrocytes were lysed with sodium chloride solutions, and 
neutrophils were washed two more times with the HSA/HBSS solution. Neutrophils 
were suspended in the same solution at 2.5*10
5
 cells/mL. Cell counts were verified 
using a manual hemocytometer set (Hausser Scientific). For experiments with fixed, 
non-deformable cells, isolated neutrophils were incubated in a solution of 1% 
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paraformaldehyde for 20 minutes and then washed five times to remove any 
remaining paraformaldehyde. The blood collection protocol was approved by the 
Institutional Review Board of the University of Oklahoma, and informed consent 
was obtained from all donors. 
 
Rolling Velocity and Contact Area Experiments 
Fully assembled microfluidic chambers were incubated with a solution of 1% 
Aquasil (Thermo Scientific) for 10s, rinsed three times with ultra-pure water and 
dried under vacuum at 80
o
C for 30 minutes. Following Aquasil treatment, chambers 
were then incubated with 1.5 g/mL P-selectin for 3 h, and then washed and 
incubated for 30 minutes with a solution of 0.5% HSA in HBSS to prevent non-
specific binding. Isolated human neutrophils were perfused through the flow 
chambers at wall shear stresses of 0.5, 2, and 8 dynes/cm
2
. Cells were observed 
rolling on the bottom walls of the chambers using a Zeiss 200A inverted microscope 
with a 63X (NA 1.40) Plan-Apochromat oil immersion objective. Adhesive and 
rolling interactions were recorded to VHS tapes using a Daige-MTI camera and a 
Sony S-VHS videocassette recorder. To determine the effects of cell deformation on 
rolling velocity, neutrophils fixed with paraformaldehyde and polystyrene beads 
coated with Fc-conjugated human PSGL-1 were also perfused through P-selectin 
coated chambers at a wall shear stress of 2 dynes/cm
2
. 
Video segments (t = 15 seconds) of untreated cell, fixed cell or polystyrene bead 
rolling were digitized, and instantaneous rolling velocities, average velocity, and 
velocity variance were measured using frame-by-frame analysis over 2 second 
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intervals.  For a single shear stress, average velocities and velocity variances were 
compared statistically using an analysis of variance across the range of Dc/H values 
(0.032 – 0.4), followed by a Student’s t-test on specific Dc/H pairs.  
Similarly, the footprints of rolling neutrophils were observed using interference 
reflection microscopy (IRM) with 63x (NA 1.25) Plan-Neoflaur oil immersion 
antiflex objective. IRM was used in conjunction with frame-by-frame analysis to 
measure the instantaneous cell footprints of rolling neutrophils. These instantaneous 
values were averaged over 30 frames to determine the average footprint area for 1 
second of rolling. The average footprints of 30 neutrophils were then averaged for 
wall shear stresses of 0.5, 2 and 8 dynes/cm
2
 and chamber heights between 20 – 100 
m (Dc/H values from 0.4 – 0.08). Average footprint areas were compared 
statistically with an analysis of variance across the ranges of channel heights and 




The P-selectin mediated rolling of a single leukocyte in a rectangular microchannel 
was simulated by a custom incompressible computational fluid dynamics (CFD) 
solver, referred to as VECAM (ViscoElastic Cell Adhesion Model). VECAM has 
the following features: 1) fully three-dimensional model; 2) two viscoelastic fluid 
compartments of the cell (the nucleus and the cytoplasm); 3) cortical tension takes 
into account elasticity of the plasma membrane and an underlying cortex; 4) the cell 
shape is tracked by the Volume-of-Fluid (VOF) / Piecewise-Linear Interface 
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Calculation (PLIC) method and the force exerted on the cell membrane is 
determined by the Continuous Surface Force (CSF) method; 5) quasi-uniform 
distribution and viscoelasticity of cell microvilli; 6) tether pulling from a 
microvillus at a supercritical force; 7) stochastic receptor-ligand binding kinetics 
with receptor (P-selectin) and ligand (PSGL-1) distributed uniformly over lower 
surface of a channel and a microvillus tip, respectively; 8) the spring/peeling model 
for the forward and reverse reaction rates [46]; 9) dimeric receptor-ligand bonds; 
and 10) realistic flow field based on a series solution for the laminar flow velocity in 
a rectangular flow channel. More details about VECAM are available in [112-113]. 
The values for model parameters used in the simulation can be found in Table 5[11, 
23, 71, 113, 144, 163, 174, 192, 203, 217, 224, 242, 244, 267]. These simulations 
were performed by Dr. Damir Khismatullin from Tulane University. 
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Table 5: VECAM model parameters 
Parameter Value Ref 
Leukocyte diameter 8 m  
Nucleus volume fraction 21% 217 
Leukocyte cortical tension 30 N/m 242, 267 
Cytoplasmic viscosity 10 Pa * s 217 
Cytoplasmic relaxation time 0.176 s 217 
Nucleus viscosity 25 Pa * s 244 
Number of microvilli 729 23 
Unstressed microvillus length 0.5 m 144 
Microvillus radius 50 nm 144 
Density of dimeric PSGL-1 molecules 12393 molec/cell 163 
P-selectin surface density 150 molec/m
2
  
Microvillus spring constant 43 pN/m 224 
Microvillus viscosity 30.1 (pN * s)/m 224 
Tether viscosity 11.0 (pN * s)/m 192 
Critical force for tether formation 47.5 pN 192 
Equilibrium length of PSGL-1/P-selectin bonds 70 m 192 
Forward reaction rate coefficient 1.70 m
2
/(s * molec) 203 
Reverse reaction rate coefficient 1 s
-1
 5 
Bond bound state spring constant 5.3 pN/m 71 
Bond force amplification factor 8 117 
Bond transition state spring constant 0.106 pN/m 11 





Microfluidic Channel Fabrication and Characterization. We fabricated microfluidic 
devices with varying dimensions that required very low sample volume for 
perfusion at physiologically relevant shear stresses (0.5 – 8 dynes/cm
2
). 
Microfluidic chambers were fabricated by affixing PDMS molds of 
photolithography templates to glass cover slips for in vitro observation and 
characterization of neutrophil and microsphere rolling. The microfluidic channels 
that resulted from the assembly of the PDMS molds to glass cover slips resembled 
rectangular ducts with side walls at y = -a and y = a and top and bottom walls at z = 
b and z = -b, respectively. For a rectangular channel bounded on all four sides, the 



























    (7) 
A solution to this second-order, nonlinear partial differential equation was 
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Volumetric flow rate (Q) can be calculated in terms of the pressure gradient (P) by 









     (9) 
From there, the solution of this integral is rearranged to give P in terms of Q and 
then substituted for P in equation 8. Once vx is in terms of Q, one can determine 
the wall shear rate at the bottom wall of the channel simply by evaluating the 





             (10) 
Equation 8 shows that the flow velocity for a fluid element is dependent on 
both its position in relation to the channel’s height and width. In both cases the 
velocity profile is parabolic, which means there will be non-uniform flow across 
both the height and width of the channel. A previous study, however, demonstrated 
that increasing the width:height ratio of a rectangular channel resulted in more 
uniform flow across the width of the channel.[214] It was observed that free flowing 
velocities were near constant over approximately 90% of the channel width when 
the width:height ratio was 10:1. Therefore, the microfluidic channels in this study 
were fabricated with this ratio so that observations and/or measurements were not 





Figure 26: Microspheres were perfused through microfluidic devices at various 
shear rates in order to systematically characterize the flow with respect to the 
channel width. The velocities of free flowing microspheres were measured at 
varying distances from one of the lateral walls (individual points) and compared to 





Prior to rolling experiments, the flow in these microfluidic channels was 
systematically characterized. Polystyrene microspheres blocked with HSA (0.5% in 
HBSS) were perfused through channels that had also been blocked with albumin. 
Coating the microspheres and the channel walls with albumin prevented non-
specific adhesion of the microspheres to the walls or bottom of the microfluidic 
devices. The velocities of microspheres in free flow near the bottom channel wall 
were measured and compared to those determined from the analytical solution. 
Because it is not easy to measure the z-position of a microsphere, a least-squares 
analysis based on the average separation distance of the microspheres was used to 
compare the experimental and analytical results. Figure 26 shows the comparison of 
experimental and analytical data for the various channel sizes. These comparisons 
showed that uniform flow across a large portion of the width in all channel sizes 
was achieved.  
Shear stress was calculated as the shear rate with respect to the channel 








                    (11) 
Using a channel width:height ratio of 10:1 allows one to assume nearly uniform 
flow across the width of the channel and drop the sum term from equation 8 before 
taking the derivative. Wall shear stress was determined by evaluating equation 11 at 
z = -b. As the size of the channel was decreased, wall shear stress was held constant 





Figure 27: Instantaneous velocities of neutrophils rolling on P-selectin were 
measured over a two second period in microfluidic chambers of varying height (20 - 
150 m) and in a standard a Glycotech flow chamber (H = 250 m). The P-selectin 
coating concentration in both the microfluidic and Glycotech chamber was 1.5 
g/mL and cell suspensions were perfused at wall shear stresses of 0.5, 2 and 8 
dynes/cm
2
. The data were recorded at 30 fps. 
 
Effects of Dc/H on neutrophil rolling behavior. To investigate the behavior of 
neutrophils rolling in these chambers, isolated neutrophil suspensions were perfused 
at wall shear stresses of 0.5, 2 and 8 dynes/cm
2
 through chambers coated with 1.5 
g/mL P-selectin. We observed neutrophils rolling in each of the six chamber sizes 
and noted significant differences in rolling behavior that appeared to be dependent 
on the ratio of cell diameter to chamber height (Dc/H). Figure 27 shows the 
instantaneous velocities of individual neutrophils rolling on P-selectin in 
microfluidic channels of varying heights (20-150 m) and Dc/H values (0.053 - 0.4). 
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An additional data series at Dc/H = 0.032 represents a Glycotech parallel plate flow 
chamber (H = 250 m) typically used for in vitro cell adhesion experiments.  
At a wall shear stress of 0.5 dynes/cm
2
, neutrophils rolling in microfluidic 
channels with channel heights similar in size of the cell (i.e. 20 m and 30 m), 
exhibited relatively stable rolling velocities, which frequently approached zero, and 
had limited spikes in the rolling velocity (Figure 27). As the chamber height 
increased to 100 m, both the average rolling velocity (dashed lines) as well as the 
frequency of spikes in the rolling velocity increased. Furthermore, fewer pauses 
were observed during rolling in the larger chambers, which also contributed to an 
increase in the average velocity over the two second period. For channel heights 
greater than 100 m, the average rolling velocities slightly decreased. Similar trends 
of uniform slow rolling at small channel heights, and faster and more variable 
rolling at taller channel heights were observed at higher shear stresses (2 and 8 
dynes/cm
2
). It should be noted that at a wall shear stress of 8 dynes/cm
2
 very few 
pauses, if any, were observed for channel heights 75 m or greater, and the 
magnitude of the velocity spikes was significantly increased.  
To further quantify the qualitative changes observed in the instantaneous 
rolling velocity profiles presented in Figure 27, the average velocities of 50 
neutrophils rolling in each of the six chamber heights were calculated from the 
instantaneous velocities measured with frame-by-frame analysis (Fig. 28A). As 
previously observed with the instantaneous velocity profiles, neutrophils that rolled 




Figure 28: Each data point represents the (A) average rolling velocities or (B) 
average velocity variance of 50 neutrophils in each of the six chamber sizes. Cell 
suspensions were perfused at wall shear stresses of 0.5, 2 and 8 dynes/cm
2
 and the 
coating concentration of P-selectin was 1.5 g/mL. Significant differences in the 
velocity and variance trends were confirmed using an analysis of variance for each 
shear stress level (P < 0.001). Further analysis showed significant differences 
between specific Dc/H ratios of 0.11 (H = 75 m), 0.27 (H = 30 m) and 0.4 (H = 
20 m). 
 
faster average rolling velocities compared to rolling velocities when Dc/H was 
increased at constant shear stress levels of 0.5, 2 and 8 dynes/cm
2
 (ANOVA, P < 
0.001). Further analysis using the Student’s t-test on specific Dc/H pairs showed 
significant differences in average velocity between Dc/H   values of 0.08 – 0.27 and 
0.27 – 0.4. Indeed, increasing the ratio of Dc/H from 0.08 (H = 100 m) to 0.27 (H = 
30 m) resulted in average rolling velocity decreases of 62%, 41% and 52% at wall 
shear stresses of 0.5, 2 and 8 dynes/cm
2
, respectively. A further increase of Dc/H 
from 0.27 to 0.4 (H = 20 m) decreased average rolling velocities by 44%, 55% and 
48% at wall shear stresses of 0.5, 2 and 8 dynes/cm
2
, respectively. Similarly the 
variance in the average rolling velocity also depended on the channel height (Fig. 
28B). Neutrophil rolling behavior was significantly more erratic in taller chambers 
(H > 100 m) at each of the three shear stresses (ANOVA, P < 0.001). Statistical 
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analysis demonstrated significant differences in velocity variance again between 
Dc/H ratios of 0.08, 0.27 and 0.4. 
 
Numerical Simulation of the Effects of Dc/H on neutrophil rolling behavior. In a 
previous numerical study by Khismatullin and Truskey[111], it was demonstrated 
that an adherent leukocyte experiences less drag than a rigid sphere due to its 
deformation, and that the contact area of the leukocyte membrane with a selectin-
coated substrate increases as the cell diameter-to-channel height ratio Dc/H 
increases. Here, we use VECAM to test whether an increase in channel height 
increases the mean rolling velocity, which would indicate that an increased contact 
area would lead to reduced rolling velocities.  
 Figure 29 shows the numerical data on instantaneous rolling velocities of 
neutrophils in channels with heights ranging from 20 - 250 µm (Dc/H values of 
0.400 – 0.032). In agreement with our experimental results, the simulation predicted 
more stable rolling behavior as channel height approached cell diameter. 
Furthermore, the average rolling velocity decreased from 5.07 µm/s to 3.97 µm/s 
(22% difference) between Dc/H = 0.4 and 0.08 (Fig. 30). As in experiments (Fig. 
28), the numerical model predicted a peak at Dc/H = 0.08, with a slight drop in the 
mean velocity to 4.22 µm/s at Dc/H = 0.032 (Fig. 30). The mean velocity values 
were also in the range of the experimental data. Thus, our numerical analysis 
demonstrated that a decrease in the channel height below 100 µm, or alternatively, 
an increase in the cell diameter-to-channel height ratio above 0.08 led to reduced 





Figure 29: Instantaneous velocities were given by the numerical simulation of 
neutrophil rolling in 20, 30, 75, 100, 150 and 250 m tall channels. Wall shear 




Rolling Differences are Correlated to Cell Rigidity. To determine whether 
differences in rolling velocity were the result of cell deformation, neutrophils fixed 




Figure 30: Average rolling velocities were calculated from instantaneous rolling 
velocities given by the numerical simulation of neutrophil rolling in channels with 
heights ranging from 20 – 250 m (Dc/H = 0.4 – 0.032). 
 
shear stress of 2 dynes/cm
2
. Paraformaldehyde fixed neutrophils rolled significantly 
faster than untreated cells (Figure 31), and as the chamber height was decreased 
from 150m to 20m, fixed neutrophils showed only a 22% decrease in rolling 
velocities as compared to untreated neutrophils (72%). Similar to control cells, 
paraformaldehyde fixed cells also exhibited a slight decrease in rolling velocity 
when channel height was increased from 100m to 150m, however it should be 
noted this drop in rolling velocity at larger heights was not statistically significant. 
To further test whether cellular deformation was a factor in the changes in 
rolling velocities, 6m-diameter polystyrene microspheres were coated with a 
human PSGL-1/Fc chimera and perfused through P-selectin coated microfluidic 
channels at a wall shear stress of 2 dynes/cm
2
. The rolling velocities for PSGL-1 




Figure 31: Average rolling velocities for neutrophils, paraformaldehyde-treated 
neutrophils and PSGL-1-coated microspheres rolling in microfluidic chambers of 
various sizes incubated with P-selectin (1.5 g/mL). Suspensions were perfused at a 




untreated neutrophils (Figure 31). Because the diameter of the microspheres was 
slightly smaller than the average neutrophil diameter, chamber heights of 20, 30, 
100 and 150m corresponded to Dc/H values of 0.3, 0.2, 0.06 and 0.04, respectively. 
The same trend of decreasing rolling velocity with increasing Dc/H was observed for 
PSGL-1-coated microspheres, however, rolling velocity decreased only by 9% 
between Dc/H values of 0.04 and 0.3.  
 
Effects of Dc/H on Neutrophil Contact Area during Rolling. Numerical simulations 
of two dimensional rolling leukocytes have suggested that cell deformability should 
correlate with the rolling velocity through changes in contact length.[91, 132] This 




Figure 32: Average contact areas of isolated neutrophils rolling in P-selectin coated 
microfluidic chambers were calculated from instantaneous measurements using 
interference reflection microscopy in combination with frame-by-frame analysis. 
The results were compared for two cases: (A)increasing channel height with 
constant wall shear stress and (B)increasing wall shear stress with constant channel 
height. 
 
microscopy technique[49]. More recent theoretical studies have simulated three 
dimensional rolling leukocyte and have calculated changes in the cell’s contact 
area.[101, 111] Techniques to characterize or directly visualize the contact area 
between a cell and a ligand-decorated surface include: variable angle total internal 
reflective fluorescence (VA-TIRF) microscopy[236] and reflective interference 
contrast microscopy (RICM).[83, 190] Specifically, the RICM technique visualizes 
the cell-surface interface as a contrast pattern created from the destructive and 
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constructive interference patterns generated from reflections at the substrate-buffer 
and the buffer-cell interfaces. Areas where a cell is in close contact with the 
substrate will appear dark while more distant regions will appear dark grey or white.  
Using RICM, we were able to visualize the dynamic adhesive interactions 
and contact area (i.e. “footprints”) of rolling neutrophils with the P-selectin coated 
glass surface. At a constant wall shear stress of 0.5 dynes/cm
2
 (Figure 32A) 
increasing the microfluidic chamber height from 20 to 100 m (decreasing Dc/H) 
resulted in a slight overall increase in contact area of 9%. A Student’s t-test revealed 
a significant increase in contact area when chamber height was increased from 30 to 
100 m (P < 0.05), but an analysis of variance performed over the entire trend 
revealed no statistical significance (P > 0.05). When wall shear stress was increased 
to 2 or 8 dynes/cm
2
, increasing chamber height (20 – 100 m) had a much more 
significant impact on average contact area with overall increases of 17% and 33%, 
respectively (Fig. 32A). Statistical analysis confirmed the significance of the 
increase at both shear stresses (ANOVA, P < 0.05). Specifically, significant 
increases in contact area were observed when chamber height increased from 30 to 
75 m at 2 dynes/cm
2
 and between 30 to 75 m and 75 to 100 m at 8 dynes/cm
2
 
(Student’s t-test, P < 0.001). 
Alternatively, we compared contact areas for varying wall shear stress at a 
constant channel height. Figure 32B shows that for 20 and 30 mm tall channels, 
increasing wall shear stress from 0.5 to 2 dynes/cm
2
 had little effect on contact area 
with increases of 4% and 8%, respectively. Meanwhile, increasing wall shear stress 
from 2 to 8 dynes/cm
2
 in these channels yielded statistically significant increases of 
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24% and 22%, respectively (Student’s t-test, P < 0.001). In 75 and 100 m tall 
channels, increasing wall shear stress from 0.5 to 2 dynes/cm
2
 resulted in contact 
area increases of 17% and 12%, while increasing from 2 to 8 dynes/cm
2
 resulted in 
contact area increases of 25% and 40%. All of these increases were determined to 




We report here the fabrication and characterization of microfluidic chambers 
of varying heights (20 – 250 m) but with a constant channel width:height ratio of 
10:1. The dimensions of these channels were designed to investigate neutrophil 
rolling in chambers which required very low perfusion volumes. Our results indicate 
that the ratio of cell diameter to channel height (Dc/H) is an important parameter in 
leukocyte rolling assays and that the associated changes in leukocyte rolling are 
related to leukocyte deformation. The microfluidic studies we have reported here are 
novel for three reasons: (i) the smallest chambers require 13 – 390 times less 
perfusion volume than other previously reported microfluidic leukocyte rolling 
studies[40, 52, 215] (Table 3), making them ideal for applications with limited 
sample; (ii) these results provide experimental support for the theoretical studies of 
Khismatullin and Truskey, who reported increases in both contact time and contact 
area of monocytes when chamber height was decreased from 80 m to 20m[111] 
and related these effects to leukocyte deformation, and (iii) the 200 m x 20 m 
microfluidic chambers approach the dimensions that a rolling leukocyte would 
experience in a post capillary vessel. Evidence for the importance of Dc/H is that as 
the channel height was reduced from 100 m to 20 m thereby approaching the 
diameter of a human neutrophil (8 m)  both the average rolling velocity as well as 
the variance in rolling velocity of neutrophils on P-selectin coated surfaces 
decreased (Figure 28) by as much as 72%. This trend of decreasing rolling velocity 
with increased Dc/H was observed experimentally at three distinct shear stresses and 
in numerical simulations (Figures 29, 30).  Evidence that the decreases in rolling 
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velocities were related to cell deformation is supported by the observations that the 
rolling velocity of paraformaldehyde fixed neutrophils or rigid polystyrene beads 
coated with PSGL-1 decreased by only 23% or 10% respectively (Figure 31).   
 The role deformation plays in leukocyte adhesion has been examined 
through the study of fluid flow and the forces it exerts on objects within the flow 
field. A considerable effort has been devoted to modeling cells in flow to better 
understand how they react to shear force and what role this plays in various types of 
adhesion. Goldman, Cox and Brenner (GCB) originally determined the drag force 
for a rigid spherical body in simple shear flow near a wall as: 

Fdrag 6kzRw             (12) 
 where z is the distance between the wall and the center of the sphere, k is a 
correction factor that takes wall effects into account, R is the radius of the sphere 
and w is the wall shear stress.[87] This solution was later found to be inadequate for 
biological cells, however, as they do not behave like rigid spheres. Indeed, previous 
studies have observed the deformation of rolling and adherent leukocytes.[43, 49-
50] Both Templeman and Yago have reported the importance of cell deformation in 
maintaining rolling adhesion, especially under high shear stress conditions.[239, 
259] These results suggest that the deformability of cells affects their response to 
the forces that act on them in flow.  
Another assumption of the GCB solution for drag force is that the object 
experiences simple shear or couette flow. This assumes a linear velocity profile and 
constant shear rate with respect to distance from the wall, which is only possible 
when the ratio of cell diameter to channel diameter is small. Most in vitro flow 
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chambers have heights greater than ten times the diameter of a leukocyte, however, 
post-capillary venules may only have diameters three to four times the size of a 
leukocyte. To correctly model adhesion in these cases, the effects of chamber height 
must be taken into account. When flow through a chamber is bounded on the top 
and bottom, the velocity profile changes from simple shear flow to a parabolic 
profile. Therefore, an additional correction must be considered to account for the 
effects of parabolic flow. Pozrikidis showed that for a rigid sphere near the wall in 
parabolic flow, the corrected drag force is[194]: 
Fcorrected, drag = Fdrag – 11.64(R
3
/H)w           (13) 
The Pozrikids solution suggests that drag force decreases with a decrease in 
channel height. When the vessel size or chamber height is close to the diameter of a 
leukocyte, adherent cells will occlude the flow. This flow occlusion results in an 
increased pressure drop across the surface of the cell and, consequently, an increase 
in the drag force the cell experiences. Khismatullin and Truskey predicted that an 
increase in drag force would increase cell deformation in the region where it 
contacts the substrate.[111] Their theoretical model showed that this resulted in 
increased contact time when the cell took up a greater portion of the channel height 
(i.e. the ratio of cell diameter to chamber height increased). Similarly, Lei et al 
predicted that a decrease in channel height will lead to a significant increase in the 
shear stress at the top of the cell[132]. This increase in shear stress would increase 






Figure 33: Here we present the shear stress gradients in 20 m, 60 m and 100 m 
tall microfluidic chambers. When wall shear stress is held constant at 2 dynes/cm
2
, 
it can be seen that the shear stress gradient is significantly dependent on chamber 
height. Also of note is that the average shear stress across the height of an adherent 
cell decreases significantly with decreasing chamber height. 
 
with the substrate, resulting in slower rolling. Conversely, when the ratio of cell 
diameter to chamber height was decreased Khismatullin and Truskey predicted that 
cells would contact the substrate for shorter periods of time. They suggested this 
would occur as a result of a decreased shear stress gradient. In Figure 33, we show 
how the shear stress gradient varies with channel height. While there will still be 
some slight flow occlusion when a cell adheres to the bottom channel wall, the shear 
stress increase at the top of an adherent cell in a taller channel will be less than in a 
smaller channel[132]. Khismatullin and Truskey predicted that the change in the 
shear stress gradient combined with less torque acting on a cell in a taller channel 
would result in the deformation of the overall cell body into a teardrop shape[111]. 
This corresponds to other theoretical studies which have predicted that global cell 
deformation occurs as a response to shear. In smaller channels, however, the shear 
stress acting on the top of the cell is less and the overall body of the cell deforms 
less. Cells that undergo less bulk deformation have been shown to remain in contact 
with the substrate for longer periods of time.  
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Theoretical models have predicted two ways in which cells can deform and 
behave differently from the theory presented by Goldman et al: (I) global cell 
deformation and (II) contact zone deformation. In the first case, the entire body of 
the cell can deform in the direction of flow. In vivo observations of neutrophils 
rolling in postcapillary venules have shown that cells deform in the direction of 
flow.[43, 231] This bulk cell deformation has been quantified in previous studies as 
a change in the ratio of cell length to cell height. Recent theoretical models have 
produced three-dimensional projections of rolling cells which predict this 
deformation results in a change in the cell shape from a sphere to a teardrop-like 
shape.[101, 112] Jadhav et al[101] also demonstrated that this deformation increases 
with increasing fluid shear rate. Furthermore, stiffness of the cell membrane has also 
been shown to affect bulk cell deformation as well as rolling velocity and contact 
area.[168, 186]  
In the second case, deformation occurs in the contact zone between the 
adhering cell and the underlying substrate as a result of drag force exerted on the 
surface of the leukocyte. Because drag force increases when adherent cells occlude 
more of the flow in a channel, increasing the cell size or decreasing the channel 
height can cause changes in the drag force and, consequently, cell deformation. 
A surprising finding in the current study was that we observed a slight 
decrease in rolling velocity when Dc/H was further decreased from 0.08 to 0.053 in 
the microfluidic channels or 0.032 in the Glycotech flow chamber. This decrease 
translates to an increase in the microfluidic channel height from 100 m to 150m 
or 250 m in the Glycotech flow chamber. The assumption of semi-infinite flow has 
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been shown to be valid in cases around this point, where the height of the chamber 
is greater than ten times the diameter of the cell. Assuming semi-infinite flow means 
the velocity profile of the fluid can be modeled linearly, which gives a constant 
shear stress across the body of the cell. Because theoretical models have predicted 
that bulk cell deformation occurs as a result of differences in shear stressed 
experienced at the top and bottom of the cell, it stands that there will be less bulk 
cell deformation when there is constant shear stress across the cell body. Less bulk 
cell deformation as a result of constant shear stress explains the drop in rolling 
velocity observed between H = 100 m and H = 150 m. The fact that the 
numerical simulations also exhibited a decrease in rolling velocity for chamber 
heights above 100 m, provides evidence that the experimental results were not an 
artifact. 
 To test whether cell deformation was involved in the changes in rolling 
velocity observed in the smaller microfluidic channels, we performed two 
complementary experiments with paraformaldehyde-fixed neutrophils and rigid 
polystyrene beads coated with PSGL-1. When perfused at a shear stress of 2 
dynes/cm
2
, fixed neutrophils rolled significantly faster than untreated neutrophils in 
all of the microfluidic channels tested (Figure 31). This observation is consistent 
with previous studies that have shown that chemical fixation increases the rigidity of 
the cell membrane thereby increasing rolling velocities on P-selectin surfaces.[259] 
In contrast to untreated neutrophils the reduction in rolling velocity for the fixed 
neutrophils (22%) was significantly less as the channel height was reduced. These 
results suggest that fixation-sensitive cellular features were involved in the 
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stabilization of rolling velocities. The exact nature of these cellular features was not 
determined in this study, but is currently under investigation. Previous studies have 
demonstrated that cell contact area[49-50], microvillus extension[182, 224], and 
membrane tether formation[197, 219, 236] are likely involved.  
Similar to the results with fixed neutrophils, perfusion of PSGL-1 coated 
beads with PSGL-1 surface densities similar to that of untreated neutrophils resulted 
in significantly higher rolling velocities. This result is consistent with other 
microbead studies.[182, 207, 259] The observation that a smaller reduction (9%) in 
rolling velocity with channel height compared with untreated neutrophils (72%) also 
supports the notion that the reduction in rolling velocity in untreated neutrophils is 
related to cell deformation. 
 To better understand how cell deformation and rolling velocity correlate, we 
used interference reflection microscopy (RICM) to observe the areas of rolling 
neutrophils that were in close contact with the bottom wall of the chamber. This 
technique has been previously used to observe the interfaces between cells and glass 
surfaces[42, 190] and is similar to a footprinting technique recently reported by 
Sundd et al which uses variable angle total internal reflection fluorescence 
microscopy.[236] Using RICM in combination with frame-by-frame analysis, we 
were able to determine the average footprint areas of rolling neutrophils in chambers 
of various heights. Intuition would suggest that these average footprint areas should 
relate inversely to rolling velocity, resulting in a decrease in footprint area with an 
increase in chamber height. However, we observed an increase in footprint area that 
correlated not only with increasing wall shear stress but also with increasing 
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chamber height (Figure 32). 
 Although this result is counter-intuitive, it can be explained by examining 
the shear stress that acts on the top of an adherent cell. Figure 33 shows that in 
chambers with heights much greater than the cell diameter (H = 100 m), there is 
only a slight difference between the wall shear stress and the shear stress acting on 
the top of the cell. Therefore, there is less torque acting on this cell than on a cell in 
a small channel (H = 20 m) meaning that selectin-ligand bonds will not form as 
fast at the cell’s leading edge. Meanwhile, there is more global cell deformation that 
occurs in the tall channel which increases the overall footprint area. The overall net 
result is an increase in rolling velocity even though there is more cellular surface 
area available for selectin-ligand interaction. This can be seen not only in our 
comparisons of channel height at constant wall shear stress, but also by comparing 
increasing wall shear stress at constant channel height.  
When channel height is small (< 30 m) and wall shear stress is low (< 2 
dynes/cm
2
), there is little change in contact area. However, when wall shear stress is 
high (8 dynes/cm
2
) the shear stress impacting the top of the cell increases to the 
point that significant contact area increases are observed. This effect can also be 
seen in tall channels, but the increase in channel height means the shear stress 
gradient is less steep. As a result, there will be significant global deformation, even 
if the wall shear stress is low. Therefore, an increase in wall shear stress from 0.5 to 
2 dynes/cm
2
 results in a significant increase in contact area in taller channels (H ≥ 
75 m) but not in smaller ones (H ≤ 30 m). These results suggest that the rolling 
velocity of a cell is not dependent solely on cellular contact area, but that there is a 
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balance between contact area and the shear stress that acts on the top of the cell. 
Because the shear stress at the top of the cell is dependent on Dc/H, this places 
greater significance on chamber height as a design parameter in microfluidic cell 
adhesion assays. 
In summary, our results have experimentally demonstrated the importance of 
channel height in microfluidic based leukocyte rolling assays. As the channel height 
approaches the cell diameter the cell rolling velocity slows down and becomes more 
stable. These results are important because they (i) begin to explain some of the 
differences in rolling velocities observed between in vitro (small Dc/H ratios) and in 
vivo (large Dc/H ratios) leukocyte rolling assays; (ii) point to the Dc/H ratio as an 
important parameter in the design of microfluidic based assays as well as the 
interpretation of the results; and (iii) should be applicable to not only leukocyte 
rolling assays but to rolling assays that involve other cell types such as platelets or 
cancer cells.  
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Atherosclerosis is a cardiovascular disease characterized by the 
accumulation of lipoprotein, cholesterol and cellular products on the vascular wall 
[183, 205]. These accumulations, also known as atherosclerotic plaques, often 
incorporate inflammatory cells (e.g. macrophages and polymorphonuclear 
leukocytes) and platelets [17, 59, 102, 209-210]. During inflammation and 
thrombosis, leukocytes are recruited to the endothelium through interactions 
between PSGL-1 expressed on leukocyte microvilli and P- and E-selectins 
expressed by activated endothelial cells and platelets. Similarly, leukocytes have 
been shown to adhere to and infiltrate atherosclerotic plaques through P-/E-selectin-
mediated binding [51, 210]. Previous studies have demonstrated that mice lacking 
P-selectin exhibit reduced fatty streak formation, one of the first signs of 
atherogenesis [51, 104]. Leukocyte-leukocyte interactions through PSGL-1/L-
selectin binding have also been implicated in the growth of atherosclerotic plaques 
[143]. Additionally, leukocyte microparticles can infiltrate atherosclerotic plaques 
through the PSGL-1/selectin mechanism of adhesion [73, 167]. Once recruited, 
these microparticles can release tissue factor and other procoagulant markers [146]. 
These studies indicate a clear role for adhesive inflammatory cell interactions in 
atherosclerotic plaque formation and growth. 
 In addition to molecular interactions, shear stress also affects cell adhesion 
and atherosclerotic plaque formation. Previous studies have observed that 
atherosclerotic plaques typically originate in regions of the vascular system that are 
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characterized by recirculating flow [8], boundary layer separation [66] or 
abnormally low or high shear stress [27, 237, 265]. In vitro studies performed with 
sudden expansion flow chambers have demonstrated the effects of unsteady shear 
stress on endothelial cells [155, 240] and leukocytes [9, 37]. Recently, Hsiai et al 
demonstrated that oscillatory flow increases the probability of leukocyte-endothelial 
cell binding and also up-regulates MCP-1 mRNA expression [98]. Conversely, 
steady shear has been shown to promote endothelial cell expression of anti-
inflammatory molecules such as nitric oxide and prostacyclin, as well as other 
molecules that help to neutralize oxygen free radicals [69, 243]. Although these 
studies demonstrate a potential for cell adhesion to occur in regions of unsteady 
shear, only a few studies have investigated the effects of shear stress on adhesion at 
bifurcations. 
Previous computational [140, 159, 180, 266] and in vitro [34, 110, 120, 188] 
studies have suggested that the apexes of bifurcations are susceptible to points of 
stagnation. This suggests that leukocyte rolling and adhesion can potentially occur 
in these stagnation zones even when the overall shear stress is very high. However, 
these in vitro studies investigated flow visualization rather than cell adhesion 
patterns. Furthermore, many of the models used glass chambers which required 
large perfusion volumes. Recently, microfluidic chambers with significantly smaller 
dimensions have been used to model leukocyte adhesion [89, 103, 215-216] as well 
as the complex geometrical structures found in the vascular system [195, 211, 263]. 
Prabhakarpandian et al showed that biotinylated microspheres in avidin coated 
microvascular networks tended to adhere more at bifurcation apex sites than in 
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linear channel sections [196]. However, they only tested shear stresses in the range 
of 0.1 – 2.5 dynes/cm
2
. Urschel et al also reported increased monocyte adhesion to 
endothelial cell layers cultured in bifurcations but only on the outer channel walls 
and at shear stresses less than 10 dynes/cm
2
 [245]. They did not report whether 
adhesion was observed at the bifurcation apex. 
A previous master’s student in Dr. Schmidtke’s group investigated cell 
adhesion at bifurcations, however a number of design parameters for these 
microfluidic devices may have unknowingly influenced the results[156]. The 
devices used in the previous studies consisted of a single inlet channel that diverged 
into two asymmetric daughter channels. Although asymmetric bifurcations are 
common throughout the circulatory tree, asymmetry likely leads to uneven flow 
distribution. This was evident in the previous work in that perfusion experiments 
carried out over a lengthy time period often led to the complete occlusion of one of 
the daughter channels. The cross-sectional dimensions of these devices (100 x 50 
m, W x H) may have also affected the cell adhesion pattern. As we have shown in 
the previous chapter, significant differences in selectin-mediated rolling can arise 
when the ratio of cell diameter to chamber height (Dc/H) is greater than 0.1. 
Additionally, a channel width to channel height ratio (W/H) less than 10 makes an 
accurate estimation of shear stress increasingly difficult as the velocity gradient 
along the channel width becomes significantly steeper. 
 To overcome these difficulties, we fabricated bifurcated microfluidic devices 
with a simple design consisting of a single inlet channel that diverges into two 




Figure 34: We fabricated microfluidic chambers consisting of a single inlet channel 
that diverged into two daugther channels that reconverged downstream to form a 
single exit channel. Devices were fabricated with bifurcation angles of 30, 60, 90 
and 120º (left to right). 
 
channel (Fig. 34). We demonstrate that the stagnation point at a bifurcation apex can 
sustain PSGL-1/P-selectin adhesion interactions even when the overall cell 
suspension is perfused at a very high wall shear stress. Antibody control 
experiments revealed that neutrophil adhesion at the bifurcation apex was dependent 
on PSGL-1/P-selectin interactions and not simply a result of the fluid mechanics. 
Furthermore, we show that the accumulation of adherent neutrophils at the 
bifurcation apex is dependent on PSGL-1/L-selectin interactions between leukocytes 
and cellular deformability as well as the concentration of P-selectin immobilized on 
the chamber walls. We also demonstrate that geometrical properties such as 
bifurcation angle and channel cross-sectional dimensions play a role in neutrophil 
accumulation. These results taken together demonstrate the significant effect of 





Proteins and Reagents 
Human P-selectin, anti-PSGL-1 mAb P1, anti-P-selectin mAb G1 and anti-L-
selectin mAb Dreg56 were kindly provided by Dr. Rodger McEver (Oklahoma 
Medical Research Foundation, Oklahoma City, OK). 
 
Fabrication of Microfluidic Chambers 
Master templates for microfluidic chambers were fabricated with SU8 photoresists 
(Microchem Corporation), using a previously described protocol. 
Polydimethylsiloxane (PDMS) from Sylgard 184 Silicone Elastomer kits was mixed 
at a 10:1 elastomer base:curing agent ratio and cured over the photoresist templates 
at 200°C for 30 minutes to create stamps with channels that were inverses of the 
templates. A polystyrene elbow (Small Parts) was inserted at one end of each 
template prior to curing to serve as an outlet port. After curing, PDMS was removed 
from the insides of the outlet ports and an inlet reservoir large enough to hold 
approximately 200 L of fluid was cut out of the opposite end of each channel. 
Stamps were cleaned in 20% HCl and 70% ethanol, dried at 200°C for 10 minutes 
and sealed to clean glass cover slips by treating both stamp and cover slip with a 
high frequency generator. 
 
Neutrophil Isolation 
Human venous whole blood was obtained by venipuncture from healthy donors 
after informed consent was given and anticoagulated with sodium heparin. Whole 
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blood was layered on top of a cell separation medium (Lympholyte-poly, Cedarlane 
Laboratories) and spun at 400 g for 30 minutes. The resulting neutrophil layer was 





 (HBSS, Lonza). Remaining erythrocytes were lysed 
with sodium chloride solutions, and neutrophils were washed two more times with a 
0.5% solution of HSA in HBSS and re-suspended in the same solution at 10
6
 
cells/mL. Cell counts were verified using a manual hemocytometer set (Hausser 
Scientific). Neutrophils for antibody experiments were incubated with 20 g/mL 
anti-PSGL-1 mAb PL1 or anti-L-selectin mAb Dreg56 for 30 minutes prior to use. 
For experiments requiring fixed cells, the above protocol was modified by replacing 
HSA solutions with only HBSS. After isolation, neutrophils were incubated in a 
solution of 1% paraformaldehyde for 5 minutes and then washed five times with 
HBSS to remove any remaining paraformaldehyde. The blood collection protocol 
was approved by the Institutional Review Board of the University of Oklahoma, and 
informed consent was obtained from all donors. 
 
Perfusion Experiments 
Microfluidic chambers were treated with a solution of 1% Aquasil (Thermo 
Scientific) and washed with distilled water to create a uniform hydrophobic surface. 
Chambers were then incubated for 3 h with a solution of 3.0 g/mL P-selectin, and 
then washed and incubated with a 0.5% solution of HSA in HBSS for 30 min to 
prevent non-specific binding. Chambers for antibody experiments were treated with 
20 g/mL anti-P-selectin mAb G1 for 30 minutes prior to use. 1.5 g/mL and 0.75 
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g/mL solutions were also used for P-selectin concentration experiments. Cell 
suspensions of isolated neutrophils (untreated, antibody treated or fixed, 10
6
 
cells/mL) were then perfused through P-selectin coated chambers at a constant inlet 
channel wall shear stresses (w) ranging from 1 - 100 dyn/cm
2
 for 2 minutes. A fresh 
chamber was used each time the shear stress was changed. Neutrophil adhesion was 
observed both in the inlet channel and at the bifurcation apex. Adhesive interactions 
were recorded onto VHS tapes using a CCD camera (DAGE-MTI CCD-300) and a 
Sony S-VHS videocassette recorder. 
 
Analysis of Adhesion Pattern 
VHS recordings of perfusion experiments were digitized using Metamorph version 
7.5 (Molecular Devices). Video segments (t = 2 minutes) were then analyzed at 10 
second intervals using the threshold function in the Metamorph software to 
determine the total area of the cells adhering in a defined region of the inlet channel 
(SAinlet) and at the bifurcation apex (SAapex). The total threshold area was then 
divided by the two-dimensional area of a perfectly round neutrophil (D = 8 m) to 
obtain an estimate of the total cell number (Ncells). Cell adhesion (cells/mm
2
) was 
calculated by dividing Ncells by SAinlet or SAapex. It should be noted that this method 
assumes that adhering cells remain perfectly spherical and only adhere at the bottom 




Leukocyte Aggregate Formation is Dependent on Channel Cross-Sectional 
Dimensions. Previous studies have shown that bifurcations in the vascular system 
are especially prone to the development of atherosclerotic plaque.[82, 85, 121, 265] 
Indeed, unsteady shear along the vascular wall, such as that found at bifurcations in 
the vascular system, has been demonstrated to affect endothelial cells.[98, 155, 240] 
In vitro studies have also demonstrated that unsteady shear can increase the 
likelihood that a leukocyte will be recruited to and roll on the vascular 
endothelium.[9, 37, 98] Although the outside walls of bifurcations are characterized 
by unsteady shear, some theoretical studies have also demonstrated the presence of 
a stagnation point at the apex of a bifurcation[140, 159, 180, 266]. Since the 
pathogenesis of atherosclerosis can be affected by leukocyte and platelet adhesion, 
these areas may potentially serve as recruitment sites for cell adhesion even under 
high shear stress conditions. 
A previous master’s student in Dr. Schmidtke’s group investigated the 
adhesive interactions of human neutrophils at the apexes of bifurcations coated with 
P-selectin[156]. However, the microfluidic devices used in these studies had very 
small channel cross-sectional dimensions (100 m x 50 m, W x H). The daughter 
channels downstream of the bifurcation were also asymmetric in channel width (~ 
130 and 80 m, respectively). This led to the preferential formation of neutrophil 
aggregates in one daughter channel before the other. We fabricated diamond-shaped 
microfluidic devices similar to those in Figure 34, but with channel dimensions 




Figure 35: We observed the buildup of adherent neutrophils in the daughter 
channels of a 120º bifurcation with cross-sectional dimensions of 100 m x 50 m 
(W x H). Neutrophils were perfused at 50 dynes/cm
2
 for 20 min, and the chamber 
was coated with 3 g/mL P-selectin. 
 
Additionally, our channels were designed with symmetric daughter channels. We 
coated these chambers with 3 g/mL P-selectin and perfused human neutrophil 
suspensions through them at a shear stress of 50 dynes/cm
2
. Similar to previous 
observations, we saw the buildup of neutrophil aggregates downstream of the 
bifurcation after 20 minutes of perfusion. However, the aggregate buildup in our 
channels occurred simultaneously and symmetrically in both daughter channels 
(Fig. 35). 
To determine whether neutrophil aggregate formation was dependent on 
channel cross-sectional dimensions, we also fabricated diamond-shaped chambers 
with cross-sectional dimensions of 1000 m x 100 m (W x H). When neutrophil 
suspensions were perfused through these chambers at 50 dynes/cm
2





Figure 36: In a chamber with cross-sectional dimensions of 1000 m x 100 m (W 
x H), we observed only a thin layer of adherent neutrophils after 20 minutes of 
perfusion at 50 dynes/cm
2
. The chamber was coated with 3 g/mL P-selectin. 
 
that neutrophils only adhered along the wall of the bifurcation apex. In contrast to 
the smaller channels, neutrophils did not aggregate in the daughter channels. 
Instead, we observed only a thin layer of adherent cells along the inside walls of the 
daughter channels after 20 minutes of perfusion (Fig. 36). It should be noted that in 
both size channels we did not observe any neutrophil adhesion in the inlet channel. 
 
Cells Adhere at Bifurcation Apex at High Shear but Not in Main Channel. To 
quantify the observed adhesion patterns in the larger bifurcation chambers (1000 x 
100 m), we estimated the number of adherent cells at 10 s intervals in the inlet 




Figure 37: (a)Neutrophils accumulated at the apex of a 120° bifurcated microfluidic 
chamber at w = 1 – 100 dynes/cm
2
, while adhesion in the inlet channel was not 
observed at w > 5 dynes/cm
2
. (b)Increased neutrophil accumulation rate at the apex 
correlated with increasing tw from 1 – 50 dynes/cm
2
 at the apex and then decreased 
at w = 100 dynes/cm
2





, adherent cells accumulated at both sites with adhesion at the apex being 
slightly greater than in the inlet channel. After two minutes of perfusion, the average 
number of adherent cells in the inlet channel and at the bifurcation apex was 
approximately 400 and 550 cells/mm
2
, respectively. As w was increased, we 
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observed a significant decrease in cell adhesion in the inlet channel with no 
adhesion observed at w > 5 dynes/cm
2
. At the bifurcation apex, however, cell 
adhesion significantly increased with increasing w up to 50 dynes/cm
2
. At this shear 
stress, the number of cells observed adhering at the apex increased steadily during 
two minutes of perfusion to an average value of approximately 1700 
cells/mm
2
.Further increasing w to 100 dynes/cm
2
 resulted in a slight decrease in the 
number of cells adhering at the apex to approximately 1300 cells/mm
2
. 
We also calculated the average rate of neutrophil accumulation in the inlet 
channel and at the bifurcation apex (Fig. 37b). At w = 1 dyn/cm
2
, the accumulation 
rate was slightly decreased in the inlet channel compared to the apex. Increasing w 
to 5 dyn/cm
2
 and beyond brought about a significant difference in the accumulation 
rates at the two sites. The accumulation rate at the apex was also dependent on the 
shear stress level. Significant increases in accumulation rate were observed when w 
was increased from 1 – 10 dyn/cm
2
 and from 10 – 50 dyn/cm
2
 (P < 0.05). The 
decrease in accumulation rate when w was increased from 50 – 100 dyn/cm
2
 was 
also statistically significant. 
 
Antibody Control Experiments. To confirm that cell accumulation at the apex 
occurred as a result of interactions between immobilized P-selectin and cellular 
PSGL-1, we performed various antibody control experiments. P-selectin coated 
chambers with a bifurcation angle of 120° were treated with anti-P-selectin mAb 
G1, a blocking antibody to P-selectin. Likewise, we incubated isolated human 




Figure 38: Neutrophil adhesion at the bifurcation apex was abolished when P-
selectin or PSGL-1 were blocked with monoclonal antibodies. Neutrophils also 
failed to adhere at the bifurcation apex in chambers coated only with HSA. Cells 
were perfused at w, main = (a)1 and (b)50 dynes/cm
2
. Bifurcation angle = 120°. 
 
treated and untreated neutrophils were perfused through individual P-selectin coated 
chambers and G1-treated P-selectin coated chambers at low shear stress (w = 1 
dyn/cm
2
, Fig. 38a) and high shear stress (50 dyn/cm
2
, Fig. 38b).  
No adhesion was observed in the inlet channels or at the bifurcation apexes 
of G1-treated chambers. Similarly, PL1-treated neutrophils failed to adhere in either 
the inlet channels or at the bifurcation apexes of P-selectin coated chambers at both 
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shear stresses. Following perfusion of PL1-treated cells, we flushed each chamber 
with a 0.5% solution of HSA in HBSS and perfused untreated neutrophils for two 
minutes. Untreated neutrophils adhered in expected patterns at both shear stresses 
where PL1-treated neutrophils previously had not. 
To test whether adhesion at the bifurcation apex could simply be a result of 
the fluid mechanics alone, we incubated chambers with 120° bifurcations with only 
a 0.5% solution of HSA in HBSS. Untreated neutrophils were perfused through 
these chambers at shear stresses of 1 and 50 dyn/cm
2
. No cells were observed 
adhering in the inlet channels or at the bifurcation apexes of HSA-coated chambers 
after two minutes at either shear stress (Fig. 38). 
Apex Adhesion Decreases with Paraformaldehyde Fixation and L-selectin Blocking. 
Given that neutrophil adhesion at the bifurcation apex is the result of specific 
molecular interactions, we also investigated the role of L-selectin/PSGL-1 mediated 
leukocyte-leukocyte interactions in apex accumulation. Isolated neutrophils were 
incubated with Dreg56, a blocking mAb to L-selectin, and perfused through 120° 





, we estimated Dreg56-treated cell adhesion to be approximately 325 
cells/mm
2
 after two minutes, which was approximately 44% less than untreated cells 
(Fig. 39a). Interestingly, we observed little change in adhesion for Dreg56-treated 
cells with respect to shear stress. When Dreg56-treated cells were perfused at 50 
dyn/cm
2
, we estimated approximately 400 cells/mm
2
 adhering after two minutes 
(Fig. 39b). This represents drop in adhesion of approximately 78% between Dreg56-




Figure 39: Neutrophil accumulation at the bifurcation apex was significantly 
reduced when cells were fixed with paraformaldehyde or treated with anti-L-selectin 
mAb Dreg56. w = (a)1 and (b)50 dynes/cm
2
. (c)Paraformaldehyde fixation or 
incubation with anti-L-selectin mAb Dreg56 also significantly reduced neutrophil 
accumulation in the inlet channel at 1 dyne/cm
2
. (d)Apex accumulation rates for 
fixed and Dreg56 cells also decreased at low and high w. Bifurcation angle = 120°. 
 
treated cells in the inlet channel. At 1 dyne/cm
2
, there were approximately 125 
cells/mm
2
 in the inlet channel after 120 s representing a 64% decrease compared to 
untreated cells (Fig. 39c). Meanwhile at 50 dynes/cm
2
, we did not observe any 
Dreg56-treated cells adhering in the inlet channel. In addition, we calculated the 
accumulation rate of Dreg56-treated cells at both shear stresses (Fig. 39d). At w = 
1dyn/cm
2
, the average accumulation rate was approximately 2.9 (cells/mm
2
)/s 
compared to 4.7 (cells/mm
2
)/s for untreated cells. Increasing w to 50 dyn/cm
2
 





)/s, however, this result was significantly lower than the untreated cell 
accumulation rate of 13.9 (cells/mm
2
)/s (P < 0.05). 
We also investigated whether physical cellular properties play a role in 
adherent cell accumulation at the apex. Previously, paraformaldehyde fixation has 
been shown to increase leukocyte rolling velocity which is likely due to decreased 
cell deformability[259]. To determine whether paraformaldehyde fixation can affect 
leukocyte adhesion at bifurcations, we fixed isolated neutrophils with a 1% 
paraformaldehyde solution and perfused the fixed cells through 120° bifurcated 
chambers at w of 1 dyn/cm
2
 (Fig. 39a) and 50 dyn/cm
2
 (Fig. 39b). 
 At w = 1dyn/cm
2
 we observed a decrease in apex adhesion from 
approximately 600 cells/mm
2
 to 175 cells/mm
2
. This represents a decrease of 
approximately 72% in leukocyte adhesion at the bifurcation apex. At w = 50 
dyn/cm
2
 we estimated approximately 200 cells/mm
2
 adhering at the apex after two 
minutes, which represents an approximately 88% drop in adhesion between 
untreated cells and fixed cells. Additionally, we estimated fixed cell adhesion in the 




, Fig. 39c), representing a 
75% decrease compared to untreated cells. Fixed cells also did not adhere in the 
inlet channel at 50 dynes/cm
2
. We also calculated the accumulation rates for fixed 
cells at both shear stresses. Similar to Dreg56-treated cells, fixed cells exhibited  
significant decreases in accumulation rate compared to untreated cells at w = 1 and 
50 dyn/cm
2
 (Fig. 39d). 
 
Adhesion at the Bifurcation Apex Decreases with Decreasing P-selectin 




Figure 40: (a)Neutrophil accumulation at the bifurcation apex decreased 
significantly with decreasing P-selectin concentration, especially at high w. 
(b)Accumulation rate was also significantly dependent on P-selectin concentration. 
Bifurcation angle = 120°. 
 
but also on the number of P-selectin sites available for binding. To determine 
whether leukocyte adhesion at a bifurcation is dependent on P-selectin site density, 
we coated 120° bifurcated chambers with varying concentrations of P-selectin (0.75 
– 3.00 g/mL). Isolated neutrophil suspensions were perfused through these 
chambers at the same w as previous experiments. We observed that decreased 
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adhesion at the apex correlated significantly with decreasing P-selectin 
concentration at all shear stress levels (Fig. 40a).  
At 1dyn/cm
2
, neutrophils adhered at the bifurcation apex in chambers coated 
with all three P-selectin concentrations. As expected, adhesion was the greatest in 
the 3.00 g/mL chambers, with approximately 600 cells/mm
2 
adhering at the apex. 
When the coating concentration was decreased to 1.50 g/mL, apex adhesion  
decreased to approximately 350 cells/mm
2
. A further decrease in the P-selectin 
concentration to 0.75 g/mL decreased apex adhesion to approximately 150 
cells/mm
2
. We also measured adhesion in the inlet channel at all three P-selectin 
concentrations. As expected, a decrease in the number of adherent cells correlated 
with a decrease in P-selectin concentration. 
 While increasing shear stress led to increasing apex adhesion in chambers 
coated with 3.0 g/mL P-selectin, apex adhesion did not significantly increase with 
increasing shear stress when P-selectin concentration was decreased to 1.5 g/mL 
(Fig. 40a). Indeed, apex adhesion only increased to approximately 630 cells/mm
2
 at 
w = 25 dyn/cm
2
 and then decreased to approximately 200 cells/mm
2
 at w = 100 
dyn/cm
2
. Further decreasing the P-selectin concentration to 0.75 g/mL resulted in a 
significant decrease in apex adhesion at 5 dyn/cm
2
 and no adhesion was observed at 
the apex at w ≥ 10 dyn/cm
2
. Fig. 40b shows that, at w = 1 and 5 dyn/cm
2
, 
accumulation rate did not decrease significantly until P-selectin concentration 
decreased from 1.50 – 0.75 g/mL. However, at w ≥ 10 dyn/cm
2
 there was a 
significant decrease in accumulation rate when P-selectin concentration was 
decreased from 3.00 – 1.50 g/mL. 
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Adhesion at the Bifurcation Apex Decreases with Decreasing Bifurcation Angle. To 
investigate how changes in channel geometry would affect the pattern of cell 
adhesion, we fabricated diamond-shaped channels with bifurcation angles ranging 
from 90 – 30° to complement our 120° bifurcation studies. Isolated neutrophils were 
perfused through P-selectin coated chambers at w = 1 – 100 dynes/cm
2
. Figure 41a 
shows a slight decrease in adhesion at the bifurcation apex between 120° and 90° 
bifurcated channels at each of the shear stresses tested. At low shear stress (1 
dyne/cm
2
), we observed an estimated difference in adhesion of approximately 30% 
after two minutes. At high shear stress (50 dynes/cm
2
) that difference increased to 
approximately 35%.  
Between 90 degree and 60 degree bifurcated channels we continued to see a 
decrease in adhesion at the apex (Fig. 41a). At all shear stresses except the lowest, 
we observed almost no difference in the amount of adhesion at the apex between 
these angles until approximately one minute after the start of perfusion. After one 
minute, we observed a leveling off in adhesion in the 60 degree bifurcated channels, 
while apex adhesion in the 90 degree channels tended to continue increasing. The 
greatest difference we observed between these two angles after two minutes was at 
5 dynes/cm
2
, when apex adhesion decreased by approximately 40%. As shear stress 
was increased, we observed a decrease in the difference of apex adhesion, falling to 
only a 22% decrease at 100 dynes/cm
2
. 
A further decrease in the bifurcation angle from 60 degrees to 30 degrees 
brought about an even greater decrease in apex adhesion (Fig. 41a). At 1 dyne/cm
2
, 




Figure 41: (a)Decreased neutrophil accumulation at the bifurcation apex correlated 
with decreasing bifurcation angle at constant w. (b)Decreased accumulation rates 
also correlated with decreasing bifurcation angle. 
 
degree channels and an estimated 65% decrease between 120 degree and 30 degree 
channels. These estimated decreases in adhesion remained consistent across the 
entire range of shear stresses. As a control test, we also quantified adhesion in the 
inlet channels for channels with all four bifurcation angles. Inlet channel adhesion 
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remained consistent for each stress independent of the bifurcation angle. In addition, 
we observed no adhesion at shear stresses above 5 dynes/cm
2




Here we report the fabrication of diamond-shaped microfluidic chambers 
with a single inlet and a single outlet channel to determine whether selectin-
mediated leukocyte rolling can be supported at the apex of a bifurcation. 
Computational studies have shown that a stagnation point exists at the apex of a 
bifurcation (Fig. 42)[140, 159, 180, 266]. This suggests that selectin-mediated 
neutrophil adhesion could occur at this point at both low and high wall shear 
stresses. Indeed, a previous master’s thesis described the adhesion of CHO cells 
expressing human PSGL-1 and isolated human neutrophils at the apexes of 
asymmetrical bifurcations. While this study observed significant adhesion at the 
bifurcation apex even at significantly high shear stress (100 dynes/cm
2
), there were 
significant drawbacks to the design of the microfluidic devices.  
This study used bifurcations that split into asymmetric daughter channels. 
Even though this asymmetry is common through the arterial tree, it leads to uneven 
flow which was observed in the preferential occlusion of one daughter channel over 
the other. To eliminate the effects of uneven flow distribution, we fabricated our 
channels with symmetric daughter channels. The cross-sectional dimensions of the 
devices used in the previous study (100 m x 50 m, W x H) also presented 
significant challenges in estimating the shear stress. Similar to the previous 
neutrophil adhesion experiments reported in the master’s thesis, we observed the 
significant buildup of neutrophil aggregates in the daughter channels of 100 x 50 
m (W x H) chambers after 10 minutes of perfusion at 50 dynes/cm
2





Figure 42: Flow deflection at the bifurcation apex creates a stagnation point 
 
Previous studies have demonstrated that flow velocities in a rectangular 
channel with a width to height ratio (W/H) less than 10 are dependent on both the 
vertical and lateral position. We also fabricated our channels with cross-sectional 
dimensions of 1000 m x 100 m (W x H) to negate the dependence of velocity on 
the lateral position. In these channels, we did not observe the buildup of neutrophil 
aggregates. Rather, after 10 minutes of perfusion we observed only a thin layer of 
neutrophils adhering along the inner walls of the daughter channels (Fig. 36). In the 
previous chapter of this work, we also demonstrated the dependence of selectin-
mediated rolling on the ratio of cell diameter to channel height (Dc/H). Specifically, 
we showed that neutrophils rolled significantly slower on P-selectin for Dc/H > 0.1. 
This was true for the previous devices which would have had Dc/H ratios of 0.16 for 
neutrophils (Dc ~ 8 m) or 0.30 for CHO cells (Dc ~ 15 m). Because our devices 
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were fabricated with a height of 100 m, we were able to eliminate the additional 
affects that the Dc/H parameter can have on rolling. 
As expected, at low w, main (1 – 5 dyn/cm
2
) we observed consistent 
neutrophil rolling along the length of the inlet channel, as well as at the bifurcation 
apex. In addition, there was no significant difference between the number of cells 
rolling in the inlet channel and at the apex, suggesting that at low inlet channel wall 
shear there is little difference between this shear stress and the shear stress at the 
bifurcation apex. As w, main was increased, the number of cells observed rolling in 
the inlet channel decreased significantly. In fact, at w, main = 10 dyn/cm
2
 or greater, 
neutrophil rolling in the inlet channel is entirely abolished. Neutrophil rolling on P-
selectin coated surfaces occurs when PSGL-1/P-selectin bonds are able to form at 
the leading edge of the cell before the bonds at the trailing edge of the cell are 
completely broken. Our data suggest that inlet channel wall shear stresses of 10 
dyn/cm
2
 or greater create enough force to prevent the sustained interactions required 
to support neutrophil rolling.  
At the bifurcation apex, however, we continued to see a significant increase 
in neutrophil adhesion with increasing shear stress. We attribute this increase to an 
increase in the momentum of cells as they leave the inlet channel and collide with 
the apex wall. In a comparable study, however, untreated neutrophils did not 
accumulate at the apexes of chambers coated with albumin suggesting that cells do 
not adhere at the apex solely as a result of their momentum. We confirmed that 
PSGL-1/P-selectin adhesive interactions were necessary for apex accumulation by 
performing further experiments with anti-PSGL-1 and anti-P-selectin blocking 
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mAbs. Indeed, there was no neutrophil accumulation present in chambers where P-
selectin was blocked with anti-P-selectin mAb G1. Similarly, neutrophils treated 
with anti-PSGL-1 mAb PL1 failed to accumulate at the apexes of P-selectin coated 
chambers. These studies showed that PSGL-1/P-selectin interactions were necessary 
for neutrophils to adhere at the apex.  
As the cells collide with the apex wall, cellular deformation may play a role 
in adhesion by increasing the surface area of the cell available for binding with P-
selectin immobilized at the apex wall. In addition, the build-up of adherent cells at 
the apex wall could increase the potential for secondary leukocyte-leukocyte 
adhesion through PSGL-1/L-selectin binding. 
In order to determine whether cell deformation plays a role in neutrophil 
adhesion at the bifurcation apex, we performed perfusion experiments with 
neutrophils fixed with 1% paraformaldehyde in 120-degree bifurcated channels. 
Previous studies have shown that paraformaldehyde fixation significantly increases 
neutrophil rolling velocities on P-selectin coated surfaces.[259] Although this may 
be due in part to changes in the way PSGL-1 binds to P-selectin after fixation, it has 
also been suggested that fixing a cell with paraformaldehyde limits its ability to 
deform. Therefore, we investigated the adhesion pattern of neutrophils fixed with 
1% paraformaldehyde at the bifurcation apex under low and high shear stress. We 
observed a significant decrease between untreated neutrophil and fixed neutrophil 
adhesion under both low and high shear conditions. Additionally, we observed little 
difference between fixed cell adhesion at low and high shear, which contrasted the 
untreated cell adhesion (Fig. 39). This significant decrease in adhesion suggests that 
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cell deformation is indeed important for cells adhering at the bifurcation apex. The 
insignificant difference in adhesion of fixed cells between low and high shear 
conditions may also suggest that the increase in untreated cell adhesion with 
increasing shear stress is related to cell deformation. 
We also investigated the role of secondary leukocyte-leukocyte interactions 
in the cell adhesion pattern. To accomplish this, isolated neutrophils were incubated 
with Dreg56, an mAb that has been shown to block binding between L-selectin and 
PSGL-1. These cells were then perfused through 120-degree bifurcated chambers at 
low and high shear stress. Under low shear stress, we observed a decrease in 
adhesion of Dreg56-treated cells compared with untreated cells. At high shear 
stress, we observed nearly the same level of Dreg56-treated cell adhesion as at low 
shear stress. Under high shear stress, however, we found that adhesion appeared to 
level off after 80s of perfusion. In contrast, under low shear stress we observed a 
continual increase in cell adhesion for the entire 120s of perfusion. This suggests 
that as cells collide with the apex wall and adhere, they prevent other cells from 
interacting with the wall. Therefore, without the ability of neutrophils to interact 
with one another, the build-up of adhering cells was severely limited. 
Although cellular properties clearly play a role in neutrophil adhesion at the 
apex of a bifurcation, we also investigated how the characteristics of the apex could 
affect adhesion. Specifically, we investigated the effect that decreasing the 
bifurcation angle could have on the flow dynamics around the apex wall. We 
fabricated diamond-shaped chambers with bifurcation angles of 30, 60 and 90 
degrees, to test alongside our original 120-degree bifurcation design. Isolated 
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neutrophils were perfused through these chambers at varying inlet channel wall 
shear stresses. We observed that increasing the bifurcation angle increased the 
number of cells that adhered at the apex, however, these increases did not always 
occur right away. While cell adhesion was always significantly higher in the 120-
degree channels, the 90-degree and 60-degree channels almost always exhibited the 
same level of adhesion through the first 60s of perfusion. At all shear stresses tested, 
we did not observe a significant difference between 90-degree and 60-degree 
chambers until between 60 and 90s of perfusion. Additionally, we observed little 
difference in the 30-degree chambers during the first 60 s of perfusion at low shear 
stress. As shear stress increased, we began to see a significant difference between 30 
and 60-degree chambers as early as 20 s into perfusion. 
These data suggest that bifurcation angle does play a role in cell adhesion at 
the apex, however, it does not always have an immediate effect. As cells near the 
bifurcation, they will experience a loss of momentum as the fluid decelerates. In the 
case of a thinner bifurcation angle, this deceleration means that cells will collide 
with the apex wall with less force. For a wider bifurcation angle, the fluid 
deceleration will occur in a much smaller space. Therefore, cells will collide with 
the apex wall with greater force. Our data agree with this hypothesis in that we 
observe the greatest cell adhesion at the widest bifurcation angle and the least 
adhesion at the thinnest angle. Furthermore, although increased fluid velocity can 
provide cells with additional momentum, the effects of the bifurcation angle still 




While the bifurcation angle can play a role in the overall fluid dynamics 
surrounding the apex, we have also shown that cell adhesion at the apex is 
dependent on the presence of immobilized adhesive protein (P-selectin). To 
investigate whether the concentration of P-selectin during chamber incubation 
affects cell adhesion, we coated 120-degree bifurcation chambers with varying 
concentrations of P-selectin. We hypothesized that decreasing the concentration of 
P-selectin should in turn decrease the number of immobilized P-selectin sites 
available for binding with cellular PSGL-1. Therefore, chambers were coated with 
P-selectin solutions of 1.5 g/mL and 0.75 g/mL to compare to our original results 
with 3.0 g/mL.  
Indeed, we observed that decreasing the coating concentration of P-selectin 
results in a decrease in neutrophil adhesion at the apex. This further demonstrates 
that the number of P-selectin sites available for binding plays a significant role in 
the neutrophil apex adhesion pattern. Even at high shear when the cells strike the 
apex wall with greater force, our data suggests that a certain number of P-selectin 
sites must be available for binding. This appears evident from our observation that 
neutrophil adhesion can be abolished at a shear stress of 10 dyn/cm
2
 or greater when 
the P-selectin concentration is decreased to 0.75 g/mL.  
 In summary, we have reported the observation of selectin-mediated 
leukocyte adhesion at the apex of bifurcations at wall shear stresses as high as 100 
dynes/cm
2
. Using blocking antibodies to P-selectin and PSGL-1, we confirmed the 
specificity of these interactions. Furthermore, we determined that adhesion is 
dependent on the density of P-selectin sites available at the apex. We also 
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demonstrate that adhesion at the bifurcation apex is aided by cellular deformation as 
well as secondary L-selectin/PSGL-1 interactions. In addition, we have shown that 
chamber geometry plays an important role in that increased adhesion correlates with 
steeper bifurcation angles. These results are significant in that they provide a better 
understanding of leukocyte adhesion at bifurcations and will aid in the development 
of in vitro models of atherosclerosis. 
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Chapter 6: Conclusions and Future Directions 
Conclusions 
The studies presented here investigated the effects of shear stress on 
selectin-mediated neutrophil rolling as it relates to localized and global cellular 
deformation. In the case of localized contact zone deformation, the studies presented 
in chapter 2 demonstrate that reflective interference contrast microscopy (RICM) 
can be used as a low-cost alternative to quantitative dynamic footprinting to 
visualize the footprints of rolling neutrophils. These studies demonstrate that contact 
area is a dynamic quantity that is dependent on the separation distance between cell 
and substrate. We used this technique to show that the footprint area of a rolling 
neutrophil (z < 137 nm) increases from approximately 11 m
2
 at a wall shear stress 
of 1 dyne/cm
2
 to 20 m
2
 at 8 dynes/cm
2
.  Plots of contact area against time at 
multiple separation distances also revealed that a majority of the footprint was more 
than 75 nm above the substrate surface. This was further observed by plotting 
instantaneous velocities against contact areas. Here, we also observed what 
appeared to be a general trend where increased rolling velocity corresponded to 
lower contact area measurements. To further characterize this trend, we assumed a 
microvillus tip area of 0.06 m
2
 and calculated the number of microvilli interacting 
with the substrate from the contact area measurements at z < 50 nm. Typically, there 
were 10 – 20 microvilli interacting at 1 dyne/cm
2




In addition to footprint visualization, we also observed the formation of 
membrane tethers with RICM. These tether structures formed when regions of the 
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footprint with a very low separation distance remained stationary while the cell 
continued to translocate downstream. While tethers typically released from the 
substrate and retracted back to the cell body, on rare occasions we observed the 
breakage of tethers along their lengths resulting in the deposition of membrane 
pieces. We found that increased membrane tether formation correlated with 
increased shear stress and tether breakage events were more likely to be observed 
under high shear stress conditions (> 4 dynes/cm
2
).  We also demonstrated that 
tether formation and overall footprint area are dependent on shear stress rather than 
shear rate by using Ficoll to vary the viscosities of cell suspensions, thereby 
allowing us to vary shear stress independently of shear rate. These studies 
demonstrated that shear stress plays a clear role in two types of localized cell 
deformation: contact zone deformation and membrane tether formation. 
However, there are factors in addition to shear stress that mediate membrane 
tether extraction. In chapter 3 we presented studies that investigated the role of 
ligand density and ligand type in membrane tether formation. Average membrane 
tether lifetime nearly doubled with increasing P-selectin concentration as well as 
increasing shear stress. Membrane tether length also increased with increasing shear 
stress but did not display any trend with varying P-selectin concentration. This 
demonstrated that tether length is dependent on the shear stress applied to the cell 
while tether lifetime is dependent on both shear force and the strength of the 
selectin/ligand interactions. Therefore, increased P-selectin site availability resulted 
in an increase in tether lifetime but not tether length. 
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We also demonstrated the effects of ligand density on membrane tether 
formation with two other ligand types: a recombinant human P-selectin-Fc chimera 
and a recombinant human E-selectin-Fc chimera. The results with the P-selectin 
chimera were very similar the multimeric P-selectin which suggests that the 
presentation of the ligand does not necessarily affect membrane tether lengths or 
lifetimes. Alternatively, average membrane tether lifetimes were nearly three times 
greater on E-selectin compared to P-selectin. Average tether length, however, 
remained unchanged regardless of ligand type. Additionally, neutrophils treated 
with anti-PSGL-1 mAb PL1 rolled faster and exhibited decreased tether lengths and 
lifetimes on P-selectin. However, PL1-treated neutrophils did not exhibit any of 
these changes when rolled on E-selectin coated surfaces. These observations lend 
support to the suggestion that ligands distinct from PSGL-1 mediate rolling on E-
selectin[258, 262] and suggest that these ligands can also mediate membrane tether 
formation.  
In the study of cell adhesion in vitro, microfluidic devices are becoming 
extremely popular. However, there are significant trade-offs between sample 
volume requirements and channel geometry. When manipulating design parameters 
such as channel dimensions to achieve lower sample volume requirements, previous 
studies have predicted that this will also have an impact on cell adhesion by 
affecting global deformation[112, 132]. The studies in chapter 4 demonstrate that 
this deformation is indeed related to the ratio of cell diameter to chamber height 
(Dc/H). We demonstrated that decreasing chamber height from 100 – 30 m (Dc/H = 
0.08 – 0.27) resulted in a 41 – 62% decrease in rolling velocity at shear stresses 
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ranging from 0.5 – 8 dynes/cm
2
. Decreasing chamber height further to 20 m (Dc/H 
= 0.40) resulted in a further velocity decrease of 44 – 55% at the same shear stress 
levels. These results confirmed a previous theoretical study which suggested that an 
adherent neutrophil in a tall channel will roll faster due to increased shearing at the 
top of the cell[111]. Simulations of neutrophil rolling with VECAM confirmed that 
decreasing chamber height correlates with a decrease in rolling velocity. 
In complementary studies, neutrophils fixed with paraformaldehyde and 
PSGL-1 coated polystyrene microspheres did not display significant changes in 
rolling velocity when channel height was decreased (22% and 9% decreases, 
respectively). This demonstrated that the decrease in rolling velocities observed 
with untreated cells was related to their ability to deform. Observations with IRM 
also showed that neutrophil contact area increases with increasing chamber height. 
Even though the increasing contact area correlates with increasing rolling velocity, 
the force applied by the shear stress balances the increased contact area from 
cellular deformation leading to faster rolling. 
The studies in chapter 5 demonstrate that shear induced cellular deformation 
is dependent not only on channel height but also on channel geometry. Previous 
studies have shown that atherosclerotic plaques tend to localize at sites of unsteady 
shear including bifurcations[66, 170, 183]. These plaques have also been shown to 
incorporate inflammatory cells through selectin/ligand interactions[51, 210]. Our 
microfluidic studies with bifurcated chambers demonstrate that the stagnation point 
at the bifurcation apex is able to support neutrophil adhesion even when the inlet 
channel shear stress is very high. Indeed, neutrophil accumulation at the apex 
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correlated with increased wall shear stress with approximately 1300 cells/mm
2
 
adhering at a shear stress of 100 dynes/cm
2
. 
We demonstrated with blocking antibodies that neutrophil accumulation at 
the apex is the result of specific molecular interactions between PSGL-1 and P-
selectin. We also used albumin coated channels to show that apex accumulation was 
not the result of momentum from high shear stress. To investigate the effects of 
cellular deformation, neutrophils were fixed with 1% paraformaldehyde. Fixed 
neutrophils adhered at the bifurcation apex, but in significantly fewer numbers 
compared to untreated cells. Neutrophils treated with anti-L-selectin mAb Dreg56 
also exhibited decreased adhesion at the apex. Both of these studies demonstrated 
that neutrophil accumulation at the apex is dependent to a degree on cellular 
deformation and PSGL-1/L-selectin interactions. Neutrophil accumulation was also 
dependent on P-selectin coating concentration. Decreasing P-selectin concentration 
to 1.5 mg/mL resulted in a 38 – 85% decrease in accumulation at shear stresses 
ranging from 1 – 100 dynes/cm2. Further decreasing the concentration to 0.75 
mg/mL resulted in a further decrease of 53% and 92% at shear stresses of 1 and 5 
dynes/cm
2
, respectively and completely abolished accumulation at shear stresses 
greater than 10 dynes/cm
2
. 
Lastly, we showed that apex accumulation is also dependent on chamber 
geometric properties including bifurcation angle and cross-sectional dimensions. A 
decrease in the bifurcation angle from 120 – 30 degrees correlated with a reduction 
in neutrophil accumulation of approximately 65% at shear stresses from 1 – 100 
dynes/cm
2
. Alternatively, decreasing the channel cross-sectional dimensions did not 
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significantly impact initial (t = 120 s) accumulation at the apex but resulted in 
aggregate build-up in the daughter channels leading to approximately 40% coverage 
of the bottom channel wall regardless of bifurcation angle after 60 minutes of 
perfusion. 
Future Directions 
There are numerous possibilities for extending these projects in the future. In 
the case of membrane tether extrusion, our studies with ligand type can be extended 
to characterize tether formation as a result of PSGL-1/L-selectin interactions. These 
interactions are significant because both molecules are expressed on the surface of 
leukocytes, meaning that tether formation could be observed on L-selectin or PSGL-
1 coated surfaces. Furthermore, L-selectin would be significant in that it is shed 
from leukocyte membranes under certain conditions[33, 249]. While little is known 
about tether formation involving L-selectin, previous studies have demonstrated that 
L-selectin can mediate tether formation during leukocyte-leukocyte collisions[47, 
109]. Additionally, we have observed tether formation on L-selectin coated 
surfaces, but we have not published these reports or engaged in any characterization 
of L-selectin membrane tethers.  
Our tether extraction studies could also be extended to observe and 
characterize tether formation during integrin-mediated slow rolling. Previous studies 
have shown that neutrophils roll slower on substrates coated with P-selectin and 
ICAM-1 compared to P-selectin alone[160, 264]. However, little is known about 
tether formation during rolling on such substrates. We can also extend these studies 
to include multiple cell types such as monocytes, basophils, eosinophils or even 
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CHO cells. CHO cells expressing human PSGL-1 are indeed significant, as we have 
briefly used RICM to observe differences in the footprints of these cells compared 
to neutrophils. 
In regard to the microfluidic studies, the possibilities for cell adhesion in 
microfluidic chambers are virtually endless. In one case, we have developed 
patterns for microfluidic channels with a constriction to study the effects of 
contracting and expanding flow on both leukocyte and platelet adhesion. In 





) to be achieved with minimal sample volume. These studies could be 
useful in helping to model the high shear flow in ventricular assist devices to better 
understand the effects of high shear on leukocyte and platelet adhesion as well as 
morphology and signaling. 
Finally, there is further work that can be done with our diamond-shaped 
microfluidic channels. Because these devices have a single entrance and exit, they 
provide a unique opportunity to study cell adhesion not only at diverging 
bifurcations but also at points of convergence between two flow streams. A recent 
study by Lamkin-Kennard et al characterized the distribution of adherent leukocytes 
at venular convergences in vivo[125]. However, this study did not quantitatively 
investigate the specific hydrodynamic contributions to the adhesion pattern. Our 
devices would provide a simple in vitro system that could be used to model cell 
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Appendix A: Mathematical description of flow in a rectangular channel 
 
For a rectangular channel…  
 
 





































































1. Steady State 
2. Incompressible Flow 
3. Laminar Flow 

































































Solving this differential equation for vx gives the following equation, 
 








































where b = H/2 and a = W/2. To solve for An, use the boundary condition of vx = 0 at 
y = a and rearrange to get, 
 

























































































Performing the integration results in, 
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Now we can solve for the total flow rate and the shear rate. 
 






b     
 




































































converges to 0 as n approaches infinity, it can be neglected in the solution of Q and 
y and z if a is sufficiently larger than b. When this condition is met, the wall shear 
rate along the width of the channel is nearly uniform over almost the entire width. 
 
































































































































Appendix B: Neutrophil Isolation Protocols 
 
Dextran Sedimentation Protocol 
 
 Add 7.5 mL dextran to a syringe containing 15 mL whole blood. Invert 
syringe and allow to sit for 1 h. 
 Following sedimentation, the top layer will contain leukocytes, platelets and 
plasma and some RBCs. This layer should be removed and spun at 500 g for 
10 min. 
 Remove supernatant. RBCs contained in pellet can be lysed by adding 10 
mL of 0.2% NaCl followed immediately by 10 mL of 1.6% NaCl. Spin at 
500 g for 5 min. 
 Remove supernatant. Resuspend pellet in 5 mL of 0.5% HSA/HBSS. 
 Layer new suspension on top of 6 mL Histopaque 1077. Spin at 500 g for 30 
min. 
 Remove supernatant. Resuspend pellet in 5 mL of 0.5% HSA/HBSS. Spin at 
500 g for 5 min. Repeat two more times. 
 Count cells with hemocytometer. Dilute to desired concentration. 
 
Lympholyte Separation Protocol 
 Layer 5 mL of whole blood on top of 5 mL Lympholyte-poly.  Spin at 400 g 
for 30 min. 
 Following the spin, there will be two layers of leukocytes visible. The first 
layer will be mononuclear leukocytes and should be discarded. The second 
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layer is granulocytes. Remove this layer and dilute it first with 5 mL 0.4 % 
NaCl and then with 10 mL HBSS. Spin at 500 g for 10 min. 
 Remove supernatant. If RBCs were collected with granulocyte layer, they 
can be lysed by adding 10 mL of 0.2% NaCl followed by 10 mL of 1.6% 
NaCl. Spin at 500 g for 5 min. 
 Remove supernatant. Resuspend pellet in 5 mL 0.5% HSA/HBSS. Spin at 
500 g for 5 min. Repeat two more times. 
 Count cells with hemocytometer. Dilute to desired concentration. 
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Appendix C: Photolithography Protocol 
 Glass substrates for photolithography must first be cleaned using the 
following organic series: TCE, methanol, acetone. Sonicate a substrate in 
100 mL of each chemical for 5 min. Rinse by sonicating in DI H2O for 5 
min. Substrates should be dried with compressed air and then allowed to sit 
in an oven for 10 min to fully dry. 
 Once substrates are dry, photoresist can be spun onto them using the spin 
coater with the following parameters based on desired template size. Note 
that SU-8 photoresists must be preceded by a layer of Omnicoat spun at 
3000 rpm for 30 s. 
Size (m x m, 





200 x 20  SU-8 2015  500/2000  15 
300 x 30  SU-8 2015  500/1300  20 
750 x 75  KMPR 1050  500/1700  45 
1000 x 100  KMPR 1050  500/1000  60 
1500 x 150  SU-8 2100  500/2000  90 
 
*Photoresist was spun onto substrates using a two step process (spread cycle/spin cycle). 
 
 After photoresist is spun onto substrates, it must be heated to drive out 
moisture. SU-8 resists are heated at 65ºC for 10 min and 95ºC for 30 min. 
KMPR resists are heated at 100ºC for 10 min. Substrates must be allowed to 
cool to room temperature before UV exposure. 
 Following UV exposure, substrates are again heated to catalyze the curing 
process. SU-8 resists are heated at 65º for 1 min and 95ºC for 10 min. 
KMPR resists are heated at 100ºC for 5 min. Substrates must be allowed to 
cool to room temperature before developing. 
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 SU-8 and KMPR resists can both be developed with SU-8 developer. 
Develop by sonicating in 25 mL of developer for 60 – 120 s. 
 After sonication, rinse excess developer away with isopropyl alcohol and dry 
template with compressed air. 
 Examine template under a microscope. If it appears the template is peeling 
away from the substrate, bake it on a hot plate set to 125ºC for 5 min and 
allow it to cool to room temperature. 
Note: Bake times are dependent on the ambient humidity. Photolithography done on 
extremely humid days may require longer bake times before UV exposure. 
